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ON THE ATTAINMENT OF FULLY DEVELOPED FLOW 
IN LUBRICATION FILMS* 


J. R. BODOIA 
Bettis Atomic Power Division, Westinghouse Electric Corporation 
AND 
pe Ose Es, 


Department of Mechanical Engineering, Carnegie Institute of Technology, Pittsburgh, Pa. (U.S.A.) 


SUMMARY 


The problem of the development of flow in lubrication films is analyzed numerically. The develop- 
ment length is calculated and its effect on the pressure distribution determined. It is found that 
owing to the thinness of lubrication films the error in load capacity introduced by the customary 
neglect of development effects is generally negligible. 


It is customary in the analysis of lubrication films to neglect the effects of lubricant 
inertia. One consequence of this simplification is the prediction that the flow becomes 
fully developed immediately upon entering the film. To visualize better the meaning 
of this remark consider the stepped slider-bearing shown in Fig. 1. Here mo is the 
bearing velocity. Typical fully developed velocity profiles under the two steps are 
shown. They are determined from the Prandtl equations of thin film viscous flow 
and are both parabolic, that on step 1 corresponding to a positive pressure gradient 
and that on step 2 to a negative pressure gradient. If inertia effects are neglected, 
these profiles will exist over the entire length of their respective steps, implying 


BEARING 


Fig. 1. Configuration of stepped slider-bearing. 


* The work underlying this paper was supported by a grant from the National Science Foundation. 
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instantaneous profile changes at the leading edge (« = 0) and at the riser (x = aL). 
If inertia effects are considered, there will be development lengths at both of these 
locations and consequently an alteration in the pressure distribution in the film, 
which will, of course, affect the load capacity of the bearing. 

It is the purpose of this paper to present the results of a numerical analysis of the 
flow in the inlet region of the stepped slider-bearing with inertia effects considered. 
The profile development length is determined and the corresponding pressure defect 
established. The nature of the conclusions are such that they apply to other slider 
shapes as well. 

We have considered what appears to be the most severe initial conditions at the 
leading edge, namely a “‘flat’’ velocity profile at the mean flow velocity. The problem 
then is to examine the transition of the flow from this initial profile to the fully 
developed profile in order to determine the length it requires and its effect on the 
pressure distribution (see Fig. 2). In Fig. 2, wm is the mean flow velocity and Lo is 
the development length to be precisely defined later. 


y(k) 
SLIDERSURFACE 


3 —» x(j) 


BEARINGSURFACE 
Fig. 2. Flow development velocity profiles. Fig. 3. Finite-difference grid notation. 


The flow in the film is governed by the Prandtl momentum equation 


{ ou 1 I op o2u 
Vv — = - 
e ox - ov? 


and the continuity equation 
uv 


—+—=0 ( 
ww «(Oy a 


where w and v are the flow velocities in the x and y directions respectively, o is the 
lubricant density, ~ its pressure, and yu its viscosity. The pressure has been assumed 
constant across the film. On the left-hand side of eqn. (1) are the inertia terms which 


Wear, 3 (1960) 165-169 


FLOW IN LUBRICATION FILMS 


167 


vanish as the flow approaches full development. These equations can be made 


dimensionless by the following substitutions 


x 
pee 
Oh?uUm 
Ws ea 
h 
uU 
w= 
Um 
hvo 
V= g 
u 
P= p 
OUm? 
and become 
aU oU oP 02U 
U V + 
Ox oY Ox dY2 
oU oV 
—— ——- = 0 
Ox oY 
the boundary conditions on eqns. (4) and (5) are 
Ate On One Yi ect (Of Se 
for X > 0, Woes - (Oh = (Ui 
50) a, Qo Y =f U = oO, 


V=o0 
Ve==30 (6) 
Viezz0 


The parameter Uo is a function of the slider-bearing geometry; 7.e. of a and 0 will 


be determined later. 


Equations (4) and (5) subject to the boundary conditions (6) are solved by a finite 
difference technique. Considering the mesh network of Fig. 3; the following difference 


representations are made. 
For the derivatives in eqn. (4): 


vU Uj41,% — Uj,x 

DX AX 

vU Ujase+ — Upyi,e-1 

oY . DIANA 

eu Ussijeti — 2Uj4,e + Us jca 
Se (AY)2 

i) eae ee ees 

5a pe 


For the derivatives in eqn. (5): 


0U Ujsrjert + Ugst,e — Us,n+1 — Use 


ox 2AX 
oV Vosi,0+1 — Vo+i,e 
oY AY 


| 


(8) 
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Equation (5) with these finite difference substitutions can be arranged to 


false 
Vy41,6 — Vj4a,ee1 = ——— (Upit,eu1 + Usas,x — U5,n41 — U3,x) (9) 
2AX 
If we apply eqn. (9) to every point (k = 0, I, 2,...) ina particular vertical column 


and add the resulting expressions we obtain 


AY 
Vi+1.0 — Vian = =| 


AX » (Uj41,% — U11)| (10) 


k=1 

But by the boundary conditions (6) the left-hand side of eqn. (10) is zero, thus leading 
to 

Usui = DL Use (11) 


1 k=1 


i Ms 


true for all 7. The problem now is to solve eqn. (4), with its difference substitutions, 
together with eqn. (11). 

The solution procedure is as follows. Beginning at the 7 = o column (the leading 
edge) we apply eqn. (4) to points k = 1, 2,...m, and eqn. (11) to the entire column. 
There results (m + 1) equations and the same number of unknowns (U1,1; U1,2;.. . U1,n; 
P;). After these equations are solved we can compute Vi,1; Vi,2; ... Vi,n from 
eqn. (9). We may then move to the 7 = 1 column and repeat the procedure. Thus 
we are able to advance column by column along the channel until the flow becomes 
fully developed. For the performance of these computations we employed an IBM-650 
digital computer. 


P 
| INERTIA NEGLECTED 
6 


INERTIA 
CONSIDERED 


Fig. 4. Pressure distribution at leading edge. 


For a complete discussion of these equations and their solution the reader is referred 
to ref. 1, where the finite difference expressions presented here are shown to be 
consistent (i.e, the error committed in replacing the derivatives by difference 
quotients approaches zero as the mesh is refined) and stable (i.e., round-off errors 
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decrease or remain constant as the solution proceeds along the channel) for all mesh 
ratios as long as the downstream velocity is not negative. 

A single parameter remains to be determined before numerical results can be 
presented. This is the quantity Uo appearing in the boundary conditions. From the 
well-known solution to the stepped slider-bearing in which inertia is neglected it can 
readily be shown that 


@ + (1 —a)b3 a 


RAYLEIGH? showed that for maximum load capacity a = 0.721 and b = 1.87. For 
these values of a and b, Uo = 3. We have solved the flow development problem for 
this value of Uo. The results for the pressure distribution are shown in Fig. 4. An 
nm value of 9 was used. The solid line in Fig. 4 is the pressure distribution obtained 
from this analysis and the dashed line is that obtained by neglecting inertia. We 
define a pressure defect as the difference between these two pressures at a given X. 
For this problem the pressure defect approaches a constant value of 0.567. This 
pressure can be given more meaning by comparing it with the mean pressure over 
the bearing which, neglecting inertia, can be shown to be 


ee: (=) (13) 


for the optimum configuration with respect to load capacity. Re is the Reynolds 
number based on / and uo. 

Now 
ee = 0.087 Re (+) (14) 
P WE: 


m 


Typically, /L will be of order 10-8. Therefore, for the pressure defect to amount to 
as much as 1% of the mean pressure an Re of order 102 is required. Inasmuch as 
this Re corresponds to very high speeds for conventional lubricants we can conclude 
that the effect of inertia on the pressure distribution is quite small. This conclusion 
is generally true for any slider shape. 

The flow development length is arbitrarily defined as that position along the 
channel where the maximum velocity is within 1% of its fully developed value. For 
this problem the development length corresponds to an X value of 0.114. Putting 
this into dimensional form we have 


Lo 
aes 0.038 Re (15) 


For an Re of 102, Lo is approximately 4 h, which for a film thickness of order 1078 in. 
is a negligible fraction of the slider length. 
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CONTACT AREA OF ROUGH SURFACES 


I. V. KRAGELSKY anv N. B. DEMKIN 
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SUMMARY 


An analysis is given of the contacting process of surfaces that are rough and wavy. The 
authors use three contact areas: apparent, contour and real. A unit protrusion is modelled as a 
cone with a spherical top deformed elastically and plastically. It is assumed that elastic defor- 
mation of the spherical protrusion top takes place first; this is then flattened, allowing plastic 
deformation of the truncated cone. The diameter of the spot varies insignificantly. The contact 
area is increased mainly owing to the increase in the number of contacting protrusions. These 
are situated on the spherical and cylindrical waves, which are deformed elastically. On the basis 
of this model a formula has been deduced to calculate real contact area as a function of load, 
geometry of the surface, and properties of the material. 


ZUSAMMENFASSUNG 


DAS KONTAKTGEBIET RAUHER OBERFLACHEN 


Es wird eine Analyse der Kontaktprozesse von Oberflachen, die sowohl rauh als auch wellig 
sind, gegeben. Die Verfasser gehen hierbei von drei verschiedenen Begriffen der Kontaktgebiete 
aus: scheinbare Kontaktflache, Flache unter dem Umriss und wirkliche Kontaktflache. Als 
Einheit einer Hervorhebung wird ein Konus mit runder Spitze betrachtet, der sowohl elastisch 
als auch plastisch deformiert werden kann. Es wird angenommen das zuniachst elastische Defor- 
mation der Kugelspitze eintritt, die abgeplattet wird, sodass dann plastische Deformation des 
Konus stattfinden kann. Der Durchschnitt der Erhebung verandert hierbei nur unwesentlich. 
Die Kontaktflachen werden hauptsachlich durch die zunehmende Anzahl der beriihrenden 
Hervorhebungen vergréssert. Diese befinden sich auf den kugelférmigen und zylindrischen Wellen- 
zigen, die ihrerseits elastisch deformiert werden. Von diesem Modell ausgehend wurde eine 
Gleichung abgeleitet, die es erméglicht die wirkliche Kontaktflache zu berechnen und zwar als 
Funktion von Belastung, Geometrie der Oberflache und Materialeigenschaften. 


Friction takes place in the area of real contact of two solids. Wear also develops 
in the real area of contact. In this connection, measurement of the real contact area 
is the most urgent task. But science up to now has only devised a method of calcu- 
lating contact area of two elastically deformed bodies having a curvilinear shape 
on the assumption that these bodies are absolutely smooth (Hertz formula). Lately 
the periodical Hertz problem? has also been considered. But these formulae do not 
take into account surface roughness, which strongly affects the real area of contact. 

The investigations of BowDEN AND TABoR® on real area of contact are very im- 
portant. They proposed the following simple formula 


cae cs 


where W is the load, H the hardness. It gives the value of real area in conditions 
of full plasticity without taking into account various asperity stresses, the roughness 
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and the waviness. The same equation has been used by Hotm? for electrical contacts. 

ARCHARD® considered the problem of contacts between rough surfaces whose 
irregularities are imitated by spherical segments. The contact area is calculated 
with regard to elastic deformation of the irregularities. The research done by 
Dickson AND Hirst® led to the conclusion that a considerable role is played by 
elastic deformation of the surface layer. 

We have calculated the contact area on the assumption that the deformation of 
irregularities is elastic and plastic and that the surface shows waviness as well as 
roughness. Waviness can be spherical, cylindrical or, in some instances, of no perio- 
dical character and caused by internal stresses. 


SYMBOLS 
A, real area of contact 
Aa apparent area of contact 
ie contour area of contact 
Aca contour area of contact on one wave 
WAGs F 
es ae ratio real area of contact to contour area 
c 
Ae : 
qh = x ratio contour area of contact to apparent area 
a 
A; 4 
er, ratio real area of contact to apparent area 
a 


AA, area of contact of one spot 
Pm yield pressure 


Os yield point of work-hardened metal 
Pm ; 
C = -—~ ratio yield pressure to yield point 
Os 
Wi “fe . . 
Op AP relative specific pressure expressed in parts of the yield pressure 
-el1L m 
a approximation (distance between surfaces in contact) 
ak approximation of separate irregularity corresponding to the transition 


from elastic to plastic state 
Amax maximum height of the peak 


a 
es relative approximation 
Ni max 


Qk 


Ex== relative approximation corresponding to the transition from 


Tmax 


elastic to plastic state 
b, m, %1, x2 coefficients of bearing area curve 


WwW load 
Wi load at one contour 
H hardness 
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E elastic modulus 

be Poisson’s ratio 

Y radius of curvature of separate irregularity 

y angle between the normal to the base of the truncated cone and the 
generant 

R radius of the wave 

L wave pitch 

1 — R relation of the wave pitch to its radius 

No statical density of the contact 

N number of contours 

C1 constant in Hertz equation. 


ROUGHNESS OF SURFACE AND THE PROCESS OF CONTACTING 


The surface of a solid body is wavy and rough. Even a mica surface formed by 
cleavage has irregularities of the order of 20 A. The surface of an ideally smooth 
quartz crystal has protrusions about 100 A in height. The smoothest metal surfaces 
are abundant in irregularities 0.05— 0.I in size. 

The roughest metal surfaces to be found in machine-building have protrusions 
100-200 yu in size. 

The irregularities mentioned are usually found on some wavy surface. The length 
of this wave, depending on quite a number of conditions, varies from 1,000 to 10,000 « 
and its height accordingly from a few to 20-40 wu. 

Surface roughness and waviness have lately been thoroughly studied by some 
investigators®:9, 

A microtopographical map of a roughly turned surface prepared by V. I. SARKIN 
is shown in Fig. 1. The map is provided with isolines which correspond to equal 
heights. As we see, the irregularities are greatly stretched in the direction of the 
mechanical treatment. With regard to the fitting friction surfaces the cross-sections 
of the surface in the direction of the movement and perpendicularly to it differ 
greatly. The irregularities in the direction of the movement are usually smoothed. 

The study of contact surfaces becomes even more complicated because of the 
fact that the roughness formed under a load is added to the geometrical roughness 
itself. Because of different structure of the surface, both in metals and minerals, the 
originally smooth surfaces, when affected by a pressing load, acquire some roughness. 
For instance, in such homogeneous materials as leucosapphire and ruby, micro- 
hardness varies from 2,000 kg/mm? to 2,500 kg/mmz2. 

The grain of lamellar pearlite in steels with an average hardness Hy of 190-220 
consists of ferrite plates with a hardness of 50-80 kg/mm? and cementite plates with 
a hardness of 820 kg/mm?. According to the investigations by V. M. GuTTCHENKO, 
the hardness of a solid solution of copper in aluminium varies within one grain from 


20 to 140 kg/mm?. In this paper, however, we shall not discuss the formation of 
roughness under the load. 
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The existence of roughness and waviness is responsible for the fact that two 
unlubricated surfaces are always in contact at some spots, and owing to the waviness 
the spots are found in definite regions. The number of spots and regions of contact 


Fig. 1. Microtopographical map of roughly turned surface obtained by the method of treating 

stereoscopic photographs (V. I. Sarkin). In the figure isolines are given. The height is indicated 

in microns. The sections, deformed after contacting, are outlined. The profile of surface section 
on the line AB is given below. 


is dependent on the load, mechanical characteristics of the surface and its geometrical] 
shape. Pressure on the contacts is distributed irregularly and depends on their 
configuration. The value of critical strain corresponding to the transition to a plastic 
state can be considerably different from the value of hardness determined by Brinell’s 
method. 

It should be mentioned here that the notion of contact of two solids is conditional 
enough and may vary. It depends on the action that one body may produce on another 
one. MAXWELL pointed this out in 187811. Therefore, one must distinguish between 
mechanical contact, which is a complex of points through which pressure is distri- 
buted, optical contact, electrical contact, and some other contacts. 
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Below we shall discuss mechanical and optical contacts, which are very similar. 
In this connection, depending on particular conditions, there are the following 


types of contact (Fig. 2): 


Fig. 2. Diagram of contacting of two surfaces. 
1. Apparent area 
2. Contour area 
3. Real contact area. 


(a) Apparent (geometrical) area of contact 4a — confined by the dimensions of 
the contacting bodies. It is the geometrical locus of all possible real areas of contact. 
(b) Contour area of contact Ac, which is the area formed by the bulk compression 
of the waves. The contour area depends on the compressing load. 
(c) Real (physical) area of contact A,, which is a sum of the small actual areas of 
contacts. The real area is a function of load. 
These three areas are shown in Fig. 2. An essential characteristic is the density of 
contact, which, for a stationary contact, 0, is the number of spots per unit. 
In some cases the area of contact is more conveniently expressed through dimen- 
sionless values, e.g. 
A, 
Ae 


i= 


for the relative area of contact with roughness but without waviness, 


a 
Aa 


3 = 


for the relative area of contact with waviness but without roughness, and 


Ar 


3 = 
a 


for the relative area of contact with both roughness and waviness. It is natural that 
73. = 71° a 


Two superposed surfaces are touching at three points. Under the influence of 
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the applied load separate contacting irregularities are pressed; through them the 
pressure is communicated to the wavy semispace causing compression of these 
waves. 

Under the influence of the load the two surfaces approach closer to each other and 
more protrusions come into contact. At the same time, the area of wave deformation 
is extended. It is obvious that the waves, in which the strain is always much lower 
than in the peaks, are deformed elastically. As to the peaks, part of them is deform- 
ed plastically and part elastically. Only those peaks that are pressed to a slight 
degree will be elastically deformed. In the case of spherical waviness these peaks 
encircle the profile area as a ring. Moreover, they will be the shortest peaks situated 
at any part of the profile area. When the load is removed, the elastic semispace will 
recover and break both the elastic and plastic microareas of contact. However, part 
of the plastically deformed protrusions will remain in touch. It is essential that, with 
such a type of contact, the residual area should not characterize the size of the 
contact area, which is in the condition of plastic deformation. The real area of plastic 
contact will be larger. Owing to the plastically deformed protrusions, some of the 
contact spots will be broken as a result of the elastic recovery of semispace waves. 
A typical curve characterizing the growth of the contact area under increasing load 
is shown in Fig. 3. 


0,2 0.6 10 
W kg 


Fig. 3. Growth of A, with normal load increase (Material — silver chloride). A. With no waviness. 
B. With waviness. o-o-o Area under load; x-x-x Area after removing the load. 


The load was applied cyclically, which means that after every application it was 
diminished to nil. The material was silver chloride. On the left side there is a sample 
without waviness and on the right side a sample with waviness. As we see, when 
waviness is available the residual area is sharply decreased, while the average actual 
specific pressure is about the same in both cases. 

As we shall see below, the growth of the real area of contact is due to the height 
of the irregularities, their geometrical form and mechanical properties, of which the 
most essential are the elastic modulus, yield point and the characteristics of material 
work-hardening. 

Fig. 4 shows photographs of the real areas of contact obtained by subjecting two 
rough surfaces to a gradually increasing load. The real areas of contact are white 
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spots on the black field. Compression was applied to two cylindrical samples made of 
transparent material— plexiglass— which are the replicas of two compressed steel 


surfaces!2, 


1mm 
 ereee sna onaeene 


Fig. 4. Real contact area of two rough surfaces. 


BEARING AREA CURVE 


The growth of the area of contact while the surfaces are approaching each other 
can with some approximation be determined by the so-called bearing area curve, 
which was first plotted by ApsorT on the basis of a profilogram. Different roughness 


30 


20 


250 500 750 1000 0.25 0.50 0.75 1.00 


-3 2 eA 
10°" App ere 
Vig. 5. Bearing area curves for different Fig. 6. Bearing area curves expressed in 
classes of surface finish after milling and relative coordinates. 


planing. On the abscissa the cross-section 

area is in mw?, on the ordinate the cross- 

section height is in w counted from the line 
of cavity. 
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in two perpendicular directions prompts us to measure the bearing area by taking a 
profilogram in two reciprocally perpendicular directions and multiplying the values 
of corresponding segments (DYACHENKO, 1955)!6. 

Fig. 5 shows typical curves of bearing areas for different classes of surface finish 
after milling and planing. These curves are built for standard surfaces. 

It is more convenient to express the bearing area curve in relative coordinates. 
Let us introduce the value of relative approximation 


a 
oe 


max 
where a is the approximation, max the maximum height of the peaks. Correspond- 
ingly we express the value of the relative area of contact through 
A, 


other 4 


in this case it is the ratio of area of cross section of bearing area curve to area of basis 
of this curve. 

In Fig. 6 the same curves are shown in relative coordinates. As we see, they are 
almost similar for milling and planing. Having studied a great number of differently 
machined surfaces, we find that all kinds of treatment are represented by an exponen- 
tial function, whose variables x: and x2 differ in accordance with the kind of surface 
treatment. 


Kiveebe e7a(1- 3) 
This expression, however, is complicated. It is necessary to take into account 
that the real area of contact is never more than 1/10—1/5 of the apparent area. Thus, 


of practical interest is only the initial part of the bearing area curve, which can be 
expressed with a sufficient degree of precision through a parabolic function: 


(i = OL 
As an example, we give in Table I the average value of the coefficients obtained 
for the surfaces examined. 


TABLE I 
Kind of treatment m ; b 
Turning, planing, milling 2 1.6 -3 
Grinding 3 5 
Polishing 3 10-16 


Fig. 7 shows experimental curves of bearing areas for different kinds of treatment. 
The points have been calculated by the formula given above. There is good agree- 
ment between the calculated and experimental values. 

Having this equation, we can find the real area of contact as a function of load 
and also find out what part of the area of contact is in a condition of elastic deforma- 


tion. 
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For this purpose it is necessary to determine the character of deformation of a 
unit irregularity and the conditions of the transition of a separate irregularity to 
a plastic state. 


Fig. 7. Typical bearing area curves. Fig. 8. Change of form factor “‘C” as a 
function of the configuration of a separate 
irregularity; o < y < go° flattening out, 

go° < y < 180° embedding. 


DEFORMATION OF A SEPARATE IRREGULARITY— TRANSITION TO A MODEL 


A unit irregularity can be modelled as a cone with a spherically shaped top of 
radius 7. When the contact area is in a plastic state, it becomes a truncated cone. 
The configuration of the irregularity is characterized by the angle between the normal 
to the base of the truncated cone and the generant (Fig.8). In flattening, o << y < 90°; 
in embedding, 90° < y < 180°. 

The irregularity is usually characterized by the angle: in flattening, 90° —y; 
in embedding, y— 90°. This angle changes from I to 3° (reduction), to 10° with 
rough turning, and attains 20° for the roughest filling. 

For the surfaces we examined we obtained mean values of the radius of curvature 


of a separate irregularity (transverse roughness) in accordance with the type of 
treatment (see Table IT). 


TABLE II 
Type of treatment Class Rates. sf ciristens (Ww) : 

4 30 

Plani 5 5° 
aning 6 100 

7 140 

5 5° 

Milling 5 70 
7 120 

Grinding > oY 
7 15 


Great differences are found in the values of the radius of the curvature. 
The investigation of the axis-symmetrical problem of the theory of plasticity, 
provided there is full plasticity (i.e. Haar-Carman conditions are observed), carried 
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out by V.N. Marochkin, has shown the following relationship between yield pressure 
(the pressure on the contact corresponding to the transition to a plastic state) and 
angle y: 

Pm = (I +y + v) os = Cos (1) 


where » is the coefficient of axis-symmetry and o; the yield point of a work-hardened 
specimen. 

Fig. 8 shows the relationship between C and ¥, according to the calculations made 
by V. N. Marochkin. 

The value C for the same material, in accordance with the shape of the irregularity 
and either flattening or embedding, varies from I to 4.7, as we see, irrespectively of 
whether embedding (right side of the diagram) or flattening (left side of the diagram) 
is taking place. 

The shape of the irregularity affects the conditions of the transition to a plastic 
state. In flattening, the sharper the irregularity, the easier the transition to a plastic 
state, and vice versa in embedding. 

The compression corresponding to the transition of a separate irregularity from 
the elastic to the plastic state can be characterized, on very rough assumptions, by 


Os 2 

) (2) 
where £ is the elastic modulus, 7 the radius of curvature of the top of the irregularity 
and os the yield point. 

As has been shown by experiments, the growth of the number of contacting spots 
is much more intensive than that of the area of one spot. In conditions of elastic 
deformation, on the assumption that spherical waviness is available and that all 
protrusions have the same height and spherical shape, the area of contact of one 
spot is slightly dependent on the load; it is proportional to W?/*. This can be easily 
shown in the following way. 

The contour area of contact of the spherical wave 


the following formula: 


Ae = 5.35 (I — m?)*2C*r ( 


Ae = C1R2/3 W283 


where C, is the contact and FR the radius of the wave. If the contact spots are dis- 
tributed uniformly over the contour area, the statical density of the contact, 7.e. the 
number of contact spots per unit contour area, is 0; correspondingly, the load per 


one spot will be: 


Ww W 
Wy Se = 
Ano Cy R2BW2/3n9 
The area of contact of one spot 
2/3]/742/3 Cite wei9 
AA, => Cy Wi => 4/92/38 
0 
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Correspondingly, the total number of contact spots will increase proportionally 


to the load in the degree of 2/3. 

In the transition to the plastic state the growth of the size of one spot is dependent 
on the angle y and on the value of approximation; the nearer y is to 90°, the 
greater is the growth of one spot. This, however, corresponds to smoother surfaces 


for which the approximation is correspondingly smaller. 


n 10° Ar mm? 
1500 
1000 2 
500 1 


30 Wkg 


Fig. 9. Growth of number of contact points , of one point 4A; area and real contact area A, 
with load increase for turned surfaces of silver chloride. The contour area is equal to 90 mm2. 


Fig. 9 shows experimental data that illustrate the growth of the contact area 4,, 
number of spots 7 and the area of one spot under increasing load for a contact of 
two rough surfaces. 

ARCHARD AND HirstT!8 come to the same conclusion about the slight change of 
the area of contact spots when the load is increased. 

Consequently, the calculation of the contact area in this work has been made 
on the basis of the following model. On a regular spherical or cylindrical waviness 


Fig. 10. Sample of rough surface with waviness. 


Wear, 3 (1960) 170-187 


CONTACT AREAS OF ROUGH SURFACES 181 


there are conical protrusions with spherical tops (Fig. 10). The change in the height 
of the protrusions is considerably less than their own height. We therefore assume 
that the growth of the contact area is mainly due to the increase in the number of 
contacting protrusions and neglect the diameter of the contact spot, 7.e. consider it 
constant, beginning from a certain pressure. 

Instead of considering an interaction of two models, each of which imitates the 
roughness of the corresponding surface, it is possible to examine the interaction of 
one model that is rough with one that has a smooth hard surface. Such a problem is 
simpler for analysis. 

Each of the deformed protrusions is first compressed elastically and then enters 
the plastic state. 


FORMULA FOR CALCULATING REAL CONTACT AREA 


If one takes a sufficiently small section that does not show waviness, then the 
roughness will be described by the bearing area curve. 

The relative contact area is independent of the surface size. That is why the real 
contact in one contour having the area A; is equal to 7A¢,. Correspondingly, the to- 
tal area of contact A, will equal the real contact area in one profile multiplied 
by the number of contours N found in the given apparent area. 

It is obvious that for spherical waviness 


Ay 
L2 


N = 


where L is the wave pitch, and L = KR, where RK is the radius of the wave and K the 
relation of the wavelength to its radius. 


Hence, 
Ar,=m 4a = 
If one takes into account that 
A, 
UES Ae 
then finally 
or Ae 
18 = 
Correspondingly, for cylindrical waviness 
—- Ag 
Corer} 


where J is the surface size in the direction of no waviness. 
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According to the model we accepted, the load received is made up of the load borne 
by the part of the area that undergoes plastic deformation and by the part of the 
area that is under conditions of elastic deformation. We shall consider that in the 
zone of elastic deformation of the irregularities, the average stress is $Cos (since it 
varies from 0 to Cos. Then 


Wy = Ac Cos (71 pias. + 11 elas.) = Ac Cosb| (e — &x)™ + 
1 1 


& — Ex)™ 
= A, Cosb — +4 en 
1 2 


Since ¢ > éx, then correspondingly ¢ > e,; therefore all the terms containing 
e, and higher factors will be neglected. Using the Newton binomial formula and 
neglecting the above-mentioned terms, we get: 


m 
Wi= Ac Cosb (c — — em-l er] 
2 


It is obvious that the expression in brackets may be considered as the first two 
terms of the expansion of the following expression: 


Hence, 


Ee \™ 
Wi = A; Cosb (e— ) 
1 2 


The unknown value of the approximation will be expressed as: 


a 
m 


( Wy ) 4 Ek ‘ 
AeCowb 2 (3) 


In accordance with the above approximations, this formula is true only beginning 
with the loads under which: 


ie) 
I 


&>5— bex 


Using the equation of the bearing area curve, we obtain correspondingly for the 
relative area: 


1 m1 


WwW m m 
hae nae ol (— " ) 12 Ek Ar Wy é bmer ( Wi m 
A¢ Cash 2 Ac Cos 2 Ac Cosh 


Let us introduce relative specific pressure without taking into account the waviness 


W, 
Ac Cos 
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which is a contour-specific pressure, expressed in parts of the limit stress corre- 
sponding to the transition to a plastic state. Hence: 


nl m=1 


bm M Ek m 


no. (4) 


m=oO+ 


Using formula (4), we can calculate the real area of contact if we know the contour 
area. 
The real area of contact must be calculated by the following expression if we have 
on the surface N contours: 
A,=m1 Ac,N (5) 


For regular spherical waviness, using the formula 73 = 1 72, we obtain: 


a m-1 
bm m ob aa )= 


2 


For regular spherical waviness: 


Aa 
R2K2 


W 
Ag = ARAW 23 Wy = a N= 


Having made relevant substitutions in the formula and having reduced the similar 


terms, we obtain 
3m-1 1 
1/3 TS a 
W 4 mez [0Ci1Aqg W 3 m 
(“5 (Cas)™-1 ) 


Cos 2 


where C; is the Hertz constant. 
For the case in question, 


2 
3 


T— pe 
C= 2.6 ( “) 
E 


As is shown by the formula, the real area of contact is dependent on load; the first 
term gives a linear function of the load, the second term gives a different degree 
according to the form of the bearing area curve. 

With m = 1, the factor at W = 2/3 

With m = 2, the factor at W = 5/6 

With m = 3, the factor at W = 8/9 
Since m is dependent on the roughness, the real area of contact is therefore considera- 
bly influenced by the roughness. It is worth mentioning that ARCHARD, proceeding 
from somewhat different considerations5, obtained similar factor values. 

The real area of contact is also conditioned by waviness; the greater the ratio of 

wavelength to the radius, 7.e. the more gentle the slope of the wave, the less is the 
real area of contact. The nominal size of surface has an insignificant influence on the 
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contact area. As to the geometrical factors, the form of a separate irregularity is 
also essential; the factor C, the yield point, and the elastic modulus influence the 
area of contact. 

It is, however, necessary to mention that regular spherical waviness occurs very 
seldom in practice; waviness is usually due to many factors and has a diverse charac- 
ter. Thus in practice it is expedient to determine the contour area experimentally 
(e.g. with the aid of a thin layer of paint) and for this purpose to make a calculation 
by formulae (4) and (5). 

Table III lists all the factors included in the formula and indicates whether their 
absolute growth increases the area (+) or decreases it (—). 


TABLE III 
Parameter Symbol Influence 

Load i + 
Form factor of one irregularity Cc — 
Yield point Os = 
Parameters of bearing area curve m, b + 
Cone angle y + 
Radius of curvature of the 

irregularity Y — 
Elastic modulus E — 
Poisson coefficient + 
Apparent area Ag + 
Slope of waviness K -— 


To illustrate the function obtained, the area of contact when the yield point and 
elastic modulus are changed has been calculated (Figs. 11 and 12). It follows from 
the analysis of these curves that the real area of contact is increased when o; and E 


2 


Ar mm 
Ar mm’ 
a a 
0.80) 
0.4 
075 = 
50 . kg 100 OSS O09 26 W 1.2 13a 
say E x1074 ~s. 
Fig. 11. Influence of yield point on the real Fi i 
g. 12. Influence of elastic modulus on the 
area of contact (for Sed = 2-104 kg/mm2; real contact area (for os = 11.5 kg/mm2; 
A, = 100 mm?, W = 20 kg). Ac = 100 mm2; W = 20 kg). 


Wear, 3 (1960) 170-187 


CONTACT AREAS OF ROUGH SURFACES 185 


are decreased, the increase being especially sharp when the values of o; and E are 
small. 

In the case of purely elastic contact the formulae given above cannot be applied, 
because this would contradict the assumptions made when the formulae were deduced. 
If a rough surface is modelled by a set of spherical protrusions, whose deformation 
obeys the Hertz formulae, then, using the equation of bearing area curve, it is possible 
to obtain the following formula for the case of elastic contact of a rough surface 
with a smooth hard surface: 


2m 


0.76btmgrrt (1 — p2) W\ 2mar 
a ( fi Me 
: im Aymht  EKs 
max 


x 


where 
Ke = tiorm—T Ke = 0:8 for m = 2 


Kot==30,07 fon Wi 3 


When two trough surfaces are in contact, using the formula already deduced by us 
previously!4 and taking into account the possibility of meeting separate irregularities, 
we obtain: 


bibe + 
Ae GAG gael? (7) 
wy ue 
Pax, Nmax, 
where 
mim m mM (m1, — I) mM (m1, — 1) (m1 — 2) 
Ky = i + Ex te 
mz + 1 2! (m2+ 2) 3! (mez + 3) 


Formula (7) is quite similar to that for a contact of a rough surface and a smooth 


one. 
In relative values it can be written as: 


my + Mg 
Rabbah Re) 
od 2 aE hes my + Mg 

152 rs 1,2 

m m , 
Renax Imax 
1 2 

where 
a 
€1,2 


Amax, Siz hmaxs 
i.e. we obtain a degree function, which can be written as: 
n = bem 


if we assume that in the case of a contact of two rough surfaces m = m1 + mz and 
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Thus all the conclusions arrived at for contact of a rough surface with a smooth 
one can be applied, with the precision of a certain constant coefficient, to a contact 
of two rough surfaces. 

Formula (3), expressing the relationship between approximation and the load, 
was checked against the data obtained by A. P. Soxorovsky. In the case he examin- 
ed b = 2.6 and m = 2. Table IV gives the approximation value calculated by 
formula (3) and determined experimentally?®. 


TABLE IV 
au 
Nmax (Mt) q (kgimm?*) ap from data\® calculated 
165 0.4 31 oo 
95 0.4 16 17 
30 0.4 re) 6 


If we take into account that the calculation used average values of b and m, 
which differ considerably for different surfaces, then the similarity of the data may 
be considered satisfactory. 

Formula (7) for the area of contact was checked with the aid of a device operating 
on the principle of violation of the full internal reflection. 

The results of the experiments (points) and the data obtained by calculation from 
formula (4) for copper, aluminium and lead (curves) are shown in Fig. 13. 

Fig. 14 shows the influence of roughness on the real area of contact for copper. 


Ar mm? 


20 40 60 Wkg 20 30 40Wkg 
Fig. 13. Variation of 4, in accordance with Fig. 14. Influence of roughness on the real 
load increase at contact of the cylinder face contact area. Samples are the same as in 
(of 5 mm diameter) with glass prism. The Fig. 13. Different roughness is obtained by 
surface was treated with emery cloth (hmax treating with different emery cloth. 
= 15 p). . 


The values of parameters used in the calculation are given in Table V. As is evi- 
dent from the figures in Table V, the influence of the surface geometry on the 
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TABLE V 
Material E(kgimm?2) Os(kgimm?) Cc r(mm)* Nmax(mm) b m 
Copper 12,500 35 3 0.6 0.014 31 2 
Lead . 1,700 1.8 3 0.6 0.014 2.5 2 
Aluminium 7,200 14 3 0.4 0,02 2.8 2 


* The mean value of longitudinal and transverse direction. 


contact area is quite considerable and especially so for smooth surfaces. 

The above-mentioned formulae can also be applied to the case of surface sliding 
under certain conditions of friction. In this case, however, the formulae must use 
not the initial characteristics of the surface geometry, but those established in the 
process of friction. 


CONCLUSION 


1. The relative real area of contact as a function of approximation is determined 
with sufficient precision by a parabolic function. 

2. The relative real area of contact generally consists of two parts: the area of 
plastic contact equal to the relative specific pressure (the ratio of the nominal 
specific pressure to the pressure transforming the irregularities to a plastic state) 
and the elastic part, which is dependent on the bearing area surface curve, surface 
waviness, elastic properties of the material and relative specific pressure. 

3. The proposed formula allows the real area of contact and rigidity of joints 
to be calculated. 


REFERENCES 


P. TrimosHENKO, The Theory of Elasticity, Moscow, Ogiz, 1933. 

J. SHTAERMANN, The Contact Problem of the Theory of Elasticity, Moscow, 1950. 

P. BowDEN AND D. Tasor, Friction and Lubrication of Solids, Oxford Univ. Press, 1950. 
Hom, Die technische Physik der elektrischen Kontakte, Berlin, 1941. 

F. ARcHARD, Proc. Roy. Soc. (London), A, 243 (1957) 190. 

Dyson AND W. Hirst, Proc. Phys. Soc. (London), B, 67 (1954) 309. 

Hatuipay, Proc. Inst. Mech. Engrs. (London) 169 (1955) 777. 

P. E. DyacHENnKo et al., Quantitative Evaluation of the Roughness of the Machined Surfaces. 
Academy of Sciences of the U.S.S.R., Moscow, 1952. 

M. O. Jacosson, Roughness, Work-Hardening and Residual Stresses during Mechanical Treat- 
ment, Moscow, Mashgiz, 1956. 

Microhardness, Papers of the Conference on Microhardness, 21-23 November, 1950, Academy 
of Sciences of the U.S.S.R., 1951 

J. C. MaxweELt, Proc. Roy. Inst. Gt. Brit., 7 (1878). ; 

E. M. Suverzov, The definition of real areas of surface contact on transparent models. Fric- 
tion and Wear in Machines, Vol. 7, Academy of Sciences of the U.S.S.R., Moscow, 1953. 

J. F. ARCHARD AND W. Hirst, Proc. Roy. Soc. (London), A, 238 (1957) 515. 

I. V. Kracetsky, Rest friction of two rough surfaces. Izvest. Akad. Nauk S.S.S.R., Otdel. 
Khim. Nauk, No. to (1948). 

A. P. SoxoLovsky, Rigidity in Technology of Engineering Industry, Mashgiz, 1946. 

P. E. DyacuEenko, N. N. ToLKACHEWA AND K. P. GorEunov, Determination of the area of 
actual contact of surfaces. Symposium on the Study of the Wear of Machine Elements by Radio- 
active Tracers, Academy of Sciences of the U.S.S.R., 1951. 


>. 
J, 

FE. 
int 
J: 
ale 

ais 


anoa4nbpwne 


= 
o o 


Hoe 
toe 


RoR 
Pe Ww 


KR 
aun 


Received for review August 20, 1959 


Accepted October 10, 1959 


Wear, 3 (1960) 170-187 


188 WEAR 


THE EROSION OF RELAY CONTACTS 


L. H. GERMER 


Bell Telephone Laboratories, Murray Hill, N. J. (U.S.A.) 


SUMMARY 


The wear of relay contacts is chiefly electrical and due to discharges occurring when the contacts 
are opened and closed. Arcs cause more damage than do glow discharges and account for most 
of the damage. Short arcs at relay contacts are of two types which predominantly erode respectively 
the anode and the cathode. The type of arc which occurs and its duration are enormously influenced 
by foreign material on the contact surfaces. The chief source of foreign material in many applica- 
tions is organic vapor from the atmosphere, which can be decomposed to form surface carbon. 
Thus the atmosphere in which relays operate is often of great importance in determining their 
performance. These various factors influencing the wear of relay contacts have been isolated and 
are now quite well understood. 


The wear of relay contacts is almost entirely electrical rather than mechanical. 
Loss of metal due to electrical discharges, chiefly arcs, is commonly called erosion 
rather than wear. It is almost invariably much greater than the loss from mechanical 
abrasion to which the name wear is commonly given. Thus investigations of the 
wear of relay contacts are concerned primarily with the electrical discharges which 
produce erosion. These discharges occur at contacts when a circuit is completed 
or broken. It is, of course, true that there can be no electrical erosion of contacts 
which open and close without breaking or making current. For such contacts me- 
chanical wear is greater than electrical erosion, only because any finite amount is 
greater than zero. There are many such contacts in the telephone plant, and for 
them the wear problem is negligible. 

Telephone relay contacts are sometimes required to operate as many as 10° times. 
(This is once a second for 32 years.) If such hard-working contacts make and break 
currents they, and their attached circuits, must be engineered very carefully if they 
are not to wear out before their life is completed. Because of the importance of relay 
contacts in the telephone plant a great deal of work on contacts has been going on 
for many years, studying the erosion which contacts experience and the general 
causes of operational failure. These studies have been quite successful in isolating and 
getting to understand the phenomena which occur at relay contacts in low voltage, 
low current circuits and the effects of these phenomena upon the life and reliability 
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of the contacts. A general comprehensive picture of the phenomena at relay contacts 
is now available. 

A second and important cause of relay failure, quite unrelated to electrical erosion, 
is dirt and organic films which cause open circuits and contact resistance simply by 
preventing good metallic contact (ref.'.2). Relay contacts in the telephone plant are 
commonly protected from dirt by air-filtering systems and by plastic caps covering 
just the contacts themselves. No further attention will be given in this paper to the 
problem of open circuits due to dirt and organic films, even though they are of great 
practical importance. We shall be concerned here only with the erosion due to elec- 
trical discharges. 

The design of the covers which protect from dirt is, however, important because 
the enclosure of the contacts can alter the character and intensity of electric arcs at 
the contacts. This comes about because of the effect of enclosure upon the atmosphere 
about the contacts. It will be pointed out below that electric arcs at low voltages vary 
greatly with certain changes in the composition of the atmosphere, and enclosure in 
some cases leads to enormously increased intensity of arcs and correspondingly 
increased erosion. 

Until 10 or 15 years ago it was believed that there could be no electrical break- 
down, and therefore, no arc, unless the potential difference between electrodes is 
above a certain ‘‘minimum sparking potential’? which depends upon the air pressure 
and other factors but is always of the order of 300 volts. It is true that experiments 
performed about Igor gave evidence to the contrary, but these had been forgotten. 
Arcs at the breaking of contacts in an inductive circuit could of course occur, but on 
closure there could be no discharge with potential differences less than 300 volts. 
Nevertheless, it was known that arcs occasionally occur at the closure of contacts in 
a 48 volt circuit. This was explained by assuming the touching of small surface 
projections, their explosion by the rush of current through them, and an arc in the 
resulting metal vapor.* 

Oscilloscopic studies? at Bell Telephone Laboratories revealed no evidence that 
contacts touch preceding arcs on closure, and the conclusion was clear that arcs 
occur before there is any metallic contact. Furthermore, consideration of the pro- 
cesses expected to take place when contacts close at voltages considerably above the 
ionization potential of the atoms of contact metal (around 10 volts), but below the 
minimum sparking potential for air, indicates that a new type of breakdown process 
will take place*.®. Even for a very low potential difference, the electric field between 
approaching contacts necessarily becomes extremely high. When the field at the 
cathode becomes great enough, in the neighborhood of ten million volts per centi- 
meter, both theory and experiment show that appreciable current must flow from 
the cathode. This current is not in itself a “‘breakdown’’, but is the first step in the 


breakdown process. 


* Much of this paper is taken directly from the Bell Laboratories Record: P. P. KISLIUK, 34 
(1956) 218; L. H. GERMER AND J. L. SMITH, 36 (1958) 122. 
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Field emission current is extremely sensitive to small changes in the field, so that 
small regions of the cathode surface, where the field is somewhat above average, will 
deliver nearly all the current. Because no metal surface can be perfectly smooth, 
projections on the cathode provide such regions of increased field. The flow of the 
field emission current, through the resistance offered by the small points, heats the 
projections from which the current is drawn. A slightly larger region of the positive 
electrode, or anode, is heated also, in this case by electron bombardment. When the 
heated region — either of the anode or of the cathode — reaches the boiling point of the 
contact metal, the density of atoms and molecules in the gap is increased, so that 
each electron now experiences a greater number of collisions in crossing the gap. If 
the electron energy is above the minimum ionization energy of the atoms in the gap, 
ionization will take place, creating ions and new electrons. These electrons are 
quickly drawn out of the gap, leaving behind the relatively massive and slow-moving 
positive ions. The presence of these ions increases the electric field at the cathode 
surface, which results in greater field emission current. The increase in electron 
current increases the amount of ionization, and the process rapidly builds up to a 
“breakdown ’’; that is, the current increases until it is limited only by external circuit 
elements. From an analysis of this process it has been shown that a number of ions 
equal to only a few percent of the number of field emission electrons is sufficient to 
cause breakdown, and that the elapsed time from the first measurable currents to the 
completion of the breakdown is too short to be detected by oscilloscopic observations. 

Detailed experimental confirmation of the breakdown process just outlined is 
difficult in air, because one does not expect this process to be effective above the 
minimum sparking potential (approximately 300 volts), and at lower voltages the 
times, spacings, and prebreakdown currents are extremely small. Furthermore, the 
effects of dirt and oxide films are difficult to estimate. Each step in the proposed 
process, however, is also operative in a vacuum. Experiments have been carried out 
in high vacuum, and the evidence gathered confirms the theory of breakdown caused 
by field emission enhanced by ionic space charge. 

Breakdowns of this type may take place either on closure or break of telephone 
contacts. Depending on the circuit and the condition of the metal surfaces the arcs 
which follow breakdown may last for many microseconds and be easily observable 
on an oscilloscope, or they may be so brief as to be unresolvable, leading to many 
rapid cycles of charging up and breaking down of local capacitance. This latter condi- 
tion is called “‘showering’’. It is during these periods of either continuous arcing or 
showering that most of the damage to relay contacts takes place. Typical oscillo- 
scope traces of the voltage across electrical contacts in these two forms of discharge 
are reproduced in Fig. tr. 

. Knowing the conditions which lead to arcs on make and break is a promising start 
in the prediction of the useful life of relay contacts. However, attempts to understand 
quantitatively the amount of metal transferred by arcing at contacts were frequently 
frustrated in the past by inconsistent and contradictory experimental results, A con- 
siderable step toward understanding erosion was made by discovering that there are 
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two distinct types of arcs®?, One type, called the “anode” arc, leaves a melted 
crater on the anode surface and a roughened cathode spot. The other, called a “ca- 
thode”’ arc, leaves many tiny melted spots on the cathode, usually along scratch lines 
when the cathode is a polished surface, and little or no mark on the anode. Photo- 


Fig. 1. (a) Oscillogram of a sustained arc on break followed by an open circuit. Starting from the 

left, the contacts are closed at first and the trace is a horizontal line at zero voltage. The contacts 

then open into an arc at 15 V which lasts for about 300 sec. When the arc goes out, the voltage 
jumps to a new value, then rises slowly due to the current from the external source. 


Fig. 1. (b) ‘‘Showering”’ on break followed by a glow discharge. After the portion of the trace at zero 

voltage, there is a region of rapid charge-ups and breakdowns lasting for about 30 ysec. This is 

followed by a steady glow discharge at 300 V lasting for about 70 usec. When the glow discharge 

goes out, the voltage begins to fall as the capacitance discharges through the power source, which 
supplies only 50 V. 
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Fig. 2. (a) Photomicrograph of a typical anode pit due to a single ‘‘anode’’ arc. Magnification, 
2,000 diameters. 


micrographs of the damage done to anode and cathode surfaces in single typical arcs 
of the two types are shown in Figs. 2—4. One might expect, from examination of these 
photographs, that an anode arc transfers metal from anode to cathode, and a cathode 
arc from cathode to anode. These expectations have been confirmed both by deter- 
mining the transfer occurring in single arcs of each type by radioactive tracer methods, 
and by weighing on a microbalance after many closures under circumstances known 
to produce predominantly one or the other type of arc?:8. 

To understand contact erosion and to predict contact lifetimes, it is thus necessary 
to understand the factors affecting the occurrence of the two types of arc. In general, 
for striking voltages above 400 volts, only cathode arcs occur, and the probability of 
occurrence of anode arcs increases as the voltage is lowered. Cleanliness of the cathode 
surface favors anode arcs, and under reasonably clean circumstances anode arcs 
greatly predominate at 48 volts. Yet, for a slightly carbonized cathode surface, 
which readily results from the decomposition of certain organic vapors often present 
in the air of telephone central offices, arcs generally are of the cathode type even at 
the lowest striking potentials. The extremely important deleterious effects of such 
organic vapors will be described briefly below. 

On clean surfaces a cathode arc follows a breakdown initiated by the evaporation 
of a small projection on the cathode by resistive heating. An anode arc occurs when 
the cathode projection is so large that the anode reaches the boiling point before the 
cathode projection. In the cathode arc, metal vapor necessary for the arc is supplied 
by the cathode, but in the anode arc it is supplied by both electrodes with the larger 
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Fig. 2. (b) Typical cathode mark due to a single ‘‘anode”’ arc. Magnification, 2,000 diameters. 


SA 


“NN 


Fig. 3. Typical cathode mark due to a single ‘‘cathode”’ arc. There is frequently no mark at all to 
be found on the corresponding anode. Magnification, 1,500 diameters. 


, ' Wear, 3 (1960) 188-199 


ER 
194 L. H. GERM 


Fig. 4. Electron micrograph of a portion of the cathode mark due to a single ‘‘cathode’”’ arc. 
Magnification 47,000 diameters. 


TABLE I 


CHARACTERISTICS OF ANODE AND CATHODE ARCS 


(1) (2) 
Anode Cathode 
arcs arcs 
ON ee Soe es Le eas ie ae Sree OE ee OT ee 
1. Anode appearance Hole Nothing 
(Fig. 2, a) (or shallow hole) 
2. Cathode appearance Roughened Scratches 
(Fig. 2, b) (Figs. 3 and 4) 
3. Occurrence: 
voltage above 400 Never Always 
voltage below 300 Sometimes Sometimes 
Weld : Frequently Never 
Arc voltage About 11 About 16 
volts volts 
6. Striking field High, about Low, about 
9-108 V/cm ~ 4: 108 V/cm 
7. Metal transfer by weighing Anode to Cathode to 
cathode anode 
8. Metal transfer by radioactive tracers Both directions, Cathode to 
net from anode anode 
to cathode 


ee OE 
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fraction coming from the anode’. Some of the distinguishing characteristics of the 
two types of arcs are shown in Table I. 

It has been pointed out above that organic vapors in the atmosphere about relay 
contacts have a major influence upon the erosion which the contacts experience. 
This comes about because contamination of contact surfaces by certain organic 
vapors results in decomposition of the organic molecules upon the surfaces in the 
heat of the first discharges®. The resulting layer of carbon upon the surfaces changes 
the character of subsequent arcs and greatly increases the energy dissipation in them. 
This production of carbon and the resulting changed contact behavior has been 
called “contact activation’’. It is produced by repeated operation of a pair of current- 
carrying relay contacts in the presence of organic vapor. Basically, it is these 
organic vapors that cause increased arcing and increased contact erosion. The 
increase in arcing takes either of two forms: arcs when there would have been none 
without the vapor, and arcs that last longer in the presence of vapor than they would 
in pure air. 

Organic vapors that produce activation come from many sources. Some of these 
are the plasticizer in the cellulose acetate of the relay coil winding, the phenol fiber 
in the relay structure, and the paint used on the walls of telephone central offices. 
Tests have shown that normally only noble-metal surfaces become ‘‘active’”’ and 
that activation can be produced only by those organic compounds which contain 
rings of carbon atoms with at least one unsaturated bond between atoms in the ring, 
Benzene and benzene derivatives are examples of compounds with this molecular 


structure. 
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Fig. 5. Oscilloscope trace of (a) non-arcing contacts, and (b) arcing at contacts after repeated 

operation in vapor. In both traces the circuit voltage was 35, indicated by the initial dots. The 

initial horizontal line in (b) represents the potential difference across the contacts during an arc 

lasting for 2 sec. This was followed by an open-circuit potential of —1o V, lasting until final 
closure (zero potential) at about 16 msec. 


When a pair of palladium contacts is operated repeatedly in the presence of such 
an organic vapor, and the voltage across the contacts is displayed on an oscilloscope, 
the trace would look, in the beginning, as if no vapor were present. This non-arcing 
condition, as it appears on the oscilloscope screen, is shown in Fig. 5(a). After con- 
tinued operation, however, arcing can be observed. The arcing condition is recognized 
by an irregular trace similar to the one shown in Fig. 5(b). Even before any electrical 
effects are observable, however, incipient activation can be detected microscopically 
by the presence of black carbon on the contacts. The amount necessary for activation 


is extremely small — about 0.05 jg. 


Wear, 3 (1960) 188-199 


196 L. H. GERMER 


Carbon is formed by the decomposition of organic molecules adsorbed on the 
contact surfaces. Arcs cause this decomposition, and the resulting carbon enhances 
the severity of the arcing, so that a vicious cycle ot activation, arcs, carbon, in- 
creased arcing, and so on, can easily get started. The amount of carbon formed by 
one arc corresponds initially to about a single layer of organic molecules adsorbed on 
the portion of the contact covered by the arc. The rate of carbon formation later 
increases (Fig. 6) to an amount corresponding to several monolayers of molecules, 
presumably because:the carbon already present increases the active surface area of 
the relay contact. 
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Fig. 6. Plot of the rate of formation of carbon on relay contacts in the presence of organic vapor. 


In pure vapor, experiments have proved that the amount of carbon formed per 
contact operation is independent of the vapor pressure. When the vapor is simply 
part of the surrounding air, however, the situation is complicated by the presence of 
sufficient oxygen to burn some of the carbon already formed, and by the impedance 
offered by air to diffusion of organic molecules to the electrode surfaces. The rate of 
contact operation is a factor, too, in carbon formation. If the contacts are operated 
rapidly, less than a monolayer of activating molecules may be able to accumulate 
on the contact surfaces in the brief time the contacts are separated. These two factors 
— brief accumulation time and carbon burning — establish a minimum pressure of 
organic vapor below which the contacts of a relay do not become active. 

The presence of carbon on contact surfaces changes both the character and inten- 
sity of the arcs. Consequently, the character and magnitude of the resulting erosion 
are also altered. We shall consider first the character of erosion with and without 
carbon, and then the effect of the presence of carbon on the amount of erosion. 

The type of arc — anode or cathode —is determined by the electrode separation at 
which the arc strikes. If the electrode separation is small, a spot on the anode is 
raised to the melting point by electron bombardment before the current from the 
cathode becomes large enough to melt the emitting point. If, on the other hand, the 
separation is sufficiently large, the emitting point is melted because the field-emission 
current spreads out considerably before it reaches the anode. The critical electrode 
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separation that determines whether the anode or cathode is vaporized is different 
for different metals, increasing with the increasing electrical conductivity of the 
metal. For palladium the critical distance is about 0.5 4, and for silver 3-4 w. 

Both anode and cathode arcs transfer metal from one relay contact to the other 
when the contact surfaces are clean. An anode arc transfers metal from anode to 
cathode, and a cathode arc transfers metal from cathode to anode. After many 
successive arcs, a mound is built up on one electrode and a pit is eroded into the 
other. This deposit-erosion situation is entirely changed, however, by the presence 
of surface carbon. In the case of palladium contacts, surfaces that have carbon on 
them, so-called ‘active surfaces’’, transfer little or no metal, because the metal 
vaporized from one electrode is prevented from sticking to the other by loose carbon 
on its surface. The eroded metal can be recovered in the form of a loose, sooty powder 
mixed with carbon. 

Carbon on electrode surfaces gives rise to another difference also. When carbon is 
present, each arc occurs at a new place— where carbon has been formed by preceding 
arcs — but not at the center of the immediately preceding arc where the arc has 
burned the carbon away. This continual relocation of the arcs results in uniform 
erosion of the electrode surfaces, with no formation of pits or mounds. At silver 
contacts, less carbon is often formed in the presence of organic vapors than at palla- 
dium contacts and a great deal of the metal eroded from one contact may stick to 
the other, even in the active condition. 

The change from pit-and-mound erosion to erosion which is uniform over the 
contact surface is not the only effect of the presence of carbon. A still more important 
effect of activation is the production of many more cathode arcs than anode arcs. 
Cathode arcs, as mentioned earlier, occur when an arc strikes at a contact separation 
greater than that giving rise to anode arcs. The presence of surface carbon increases 
the tendency toward arcing at wide separations, and this in turn results in a tendency 
for the dominant loss of metal to be from the cathode rather than from the anode. 

Carbon on the electrode surfaces—resulting from activation—increases the contact 
separation at which arci..g starts, because on an active surface an arc strikes when 
the electric field generates electrostatic forces high enough to move the carbon par- 
ticles. At the same time, the motion of these particles results in partial closing of the 
gap. In many cases, the electric field at which an arc strikes at carbonized surfaces 
is of the order of 0.5 - 106 V/cm, which at 50 V is a separation of I yw. This is con- 
siderably less than the critical distance of 3-4 w which determines for silver electrodes 
whether an arc will be of the anode or cathode type. 

Thus, activation does not, in most cases, alter the type of arc at silver surfaces 
when the striking potential is 50 V. But it may alter the type of arc at higher voltages 
as, for example, at separating electrodes in an inductive circuit. For palladium con- 
tacts, on the other hand, the critical distance of 0.5 4 is so small that activation 
causes all arcs to be of the cathode type. Between clean palladium surfaces, however, 
most arcs at 50 V are anode arcs. At silver surfaces then, the loss of metal is pre- 
dominantly from the anode, whether the surfaces are clean or carbonized. At palla- 
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dium surfaces (at 50 V), loss is chiefly from the anode when the surfaces are clean, 
but from the cathode when they are active. 

This situation is of course modified at high voltages. What will happen at any 
given voltage is predictable, however, if both the critical distance and the electrode 
separation at which an arc strikes are known. For example, about 300 V is the mini- 
mum difference in potential at which the gases in the air between the two electrodes 
“break down” at atmospheric pressure. The distance at which voltages just above 
this value cause breakdown is about 15 wu. This distance is so great that for voltages 
above 350, all arcs are cathode arcs for silver as well as for palladium, whether the 
surfaces are clean or active. These observations regarding the character of erosion 
resulting from arcs are presented in Table I. 


TABLE II 
CHARACTER OF CONTACT EROSION 


For high and low breakdown voltages, and for inactive and active contacts 


nctis Cathode noe air plier oes wotines Above air breakdown voltage 
be he Bele ype a Bee Cathode Anode Cathode Anode 
Inactive 
Pd, Ag Gain(mound) Loss(pit) — _ 
Pd Loss (pit) Gain(mound) _Loss(pit) Gain(mound) 
Ag — — Loss (pit) Gain(mound) 
Active 
Ag only No change Loss(smooth) — —- 
Pd Loss(smooth) No change Loss(smooth) No change 
Ag — — Loss(smooth) No change 


To this point, we have been concerned with the effect of organic vapors on the 
character of erosion at contact surfaces. As brought out earlier, the magnitude of 
the erosion is affected as well as the character. In most cases, activation greatly 
increases erosion. This is due to two factors: the greater separation at which arcs 
can strike between active surfaces, and the lowering of the minimum current which 
can sustain an arc between such surfaces. The first of these effects —greater contact 
separation for active arcs—has been discussed above. This effect is also important 
in prolonging the length of time of arcing as contacts are pulled apart. 

The second effect —the lowering of the “minimum arc current’? —is most readily 
understood by considering an arc of the cathode type. For a cathode arc, the mini- 
mum arc current is the lowest current which will promptly explode a point on the 
cathode through which the current flows. A carbon particle on the cathode has 
relatively high electrical resistivity as well as poor thermal contact to the supporting 
metal. The lowest current which can explode it, therefore, is much less than the mini- 
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mum current required to explode a spot on clean cathode metal. Specifically, experi- 
ments have shown that the minimum arc current for a clean metal surface may be 
as high as 1 A but for a carbonized surface it may be as low as 0.03 A. 

It is possibly this feature of activation —the lowering of the minimum arc current — 
that makes contact activation most objectionable. It is common practice to prevent 
arcs at electrical contacts by a shunting capacitance-resistor network. No such 
network can carry out its function if the minimum arc current has been lowered, by 
saturation, to a value below the steady circuit current®. Thus active contacts often 
cannot be protected against arcing, and the longer arcing time results in enormously 
increased erosion. 

To summarize this work upon contact erosion, it can now be said that the factors 
which control relay contact erosion seem now to be isolated and understood. To 
apply the knowledge in any particular case may still, however, present some en- 
gineering problems. 


REFERENCES 
1 H. W. HERMANCE AND T. F. Eaan, Bell System Tech. J., 37 (1958) 739. 
2 H. J. KEEFER AND R. H. GuMLeEy, Bell System Tech. J., 37 (1958) 777. 
3 L. H. GERMER AND F. E. Haworth, J. Appl. Phys., 20 (1949) 1085. 
4 W.S. Boye, P. Kistiuk anp L. H. Germer, J. Appl. Phys., 26 (1955) 720. 
5 L. H. GermeEr, J. Appl. Phys., 30 (1959) 46. 
6 L. H. GERMER AND W. S. Boy Le, Nature, 176 (1955) 1019. 
7 L. H. GERMER AND W.S. Boy te, J. Appl. Phys., 27 (1956) 32. 
8 L. H. GermMER, J. Appl. Phys., 29 (1958) 1067. 
9 L. H. GeRMER AND J. L. Smitu, Bell System Tech. J., 36 (1957) 769. 


Received October 20, 1959 


Wear, 3 (1960) 188-199 


200 WEAR 


THE EFFECT OF SYNTHETIC ADDITIVES IN LUBRICATING OIL 
ON WEAR UNDER FRICTION 
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SUMMARY 


A number of substances with different structure have been synthesized and their influence on 
frictional wear studied. High molecular fatty esters, organo-chloro and organo-sulphur compounds, 
phosphites, thiophosphites and thiophosphates, and chloroalkyphosphonates have been investi- 
ated. 

: The action of chlorine, sulphur, and phosphorus atoms on the anti-wear property of various 
compounds has been determined. In substances being studied one can observe a direct in- 
fluence of chlorine, sulphur, and phosphorus on the anti-wear properties of the compounds, 
namely, on the critical load value and wear at loads above the critical one. 

Among the anti-wear additives, organo-thiophosphorus and organo-chlorophosphorus com- 
pounds have been shown to be of greatest interest. 

Some chemical aspects of the mechanism of anti-wear additives have been considered. 


ZUSAMMENFASSUNG 
DER EINFLUSS SYNTHETISCHER ZUSATZE ZU SCHMIEROLEN AUF DEN VERSCHLEISS BEI REIBUNG 


Eine Reihe Verbindungen verschiedenartiger Struktur wurde hergestellt und ihr Einfluss auf 
Verschleiss bei Reibung gemessen. Untersucht wurden héhermolekulare Ester von Fettsduren, 
organische Chlor- und Schwefelverbindungen, Phosphite, Thiophosphite, Thiophosphate und 
Chloralkylphosphonate. 

Die Wirkung von Chlor, Schwefel und Phosphoratomen auf die anti-Verschleisseigenschaften 
der verschiedenen Verbindungen wurde bestimmt. Es zeigt sich, dass ein direkter Einfluss sowohl 
auf die kritische Belastung als auch auf den Verschleiss oberhalb dieser Grenze festzustellen ist. 

Von diesen ‘‘Additives’’ erwiesen sich die organischen Thiophosphor- und Chlorphosphor- 
Verbindungen als besonders interessant. 

Einige chemische Gesichtspunkte der Verschleisschutzwirkung dieser Zusatze wird besprochen. 


In modern engineering some parts of machines work under friction with contact 
loads amounting sometimes to tens of thousands kg/cm2; in such cases conventional 
lubricating oils cannot ensure proper lubrication. The lubricating effect of oils used to 
lubricate these parts can be increased only by special additives whose action seems to 
be primarily due to their chemical interaction with frictional metal surfaces. Such 
additives, often referred to in the literature as extreme-pressure additives, are usually 
organic compounds of chlorine, sulphur, phosphorus, and arsenic. 

The mechanism of the action of wear-reducing additives cannot be said to have been 
fully elucidated. The observations and data obtained so far warrant, however, some 
preliminary conclusions. 

Such additives can be thought of as adsorbing on the metal surface to form an 
adsorbed film. But in this case adsorption is only an auxiliary process. At the contact 
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points of heaviest loads friction leads to relatively high temperatures, which seem to 
result in the decomposition of organic chlorine, sulphur, and phosphorus compounds 
to form chlorides, sulphides, and phosphides of the respective metals. 

BEEK, GIVENS AND WILLIAMS! suggested that organophosphorus compounds such 
as tricresyl phosphate when in contact with steel decompose at elevated temperatures 
to give compounds of phosphorus and iron, which in turn react with iron to form 
eutectics whose melting point is lower than that of iron. Thus, for example, the melt- 
ing point of the eutectic mixture Fe, FesP is 515°C lower than that of iron. Owing 
to the formation of such low-melting eutectics those parts of the surface that are the 
most subject to seizure and wear become smooth and the surface can be said to be 
polished, giving rise to a more uniform load distribution and thereby lowering the 
pressure and temperature at the contact points. This also results in more favourable 
conditions for preserving the oil film and leads to reduction of friction and wear. 
Such a concept accounts well for the fact that simultaneous application of two differ- 
ent types of additives, the former acting chemically and the latter forming an adsorb- 
ed film (higher fatty acids, esters, etc.), favours the anti-wear quality of lubricants. 

It is to be noted that in the work cited above tricresyl phosphate had no effect on 
the wear of steel balls coated with gold since there could be no chemical reaction with 
gold. 

The formation of metal chlorides, sulphides, and phosphides on frictional metal 
surfaces has been qualitatively established by a number of workers!~5, the point in 
question having been most fully discussed by DAvEy?2~4. 

VINOGRADOV, KUSSAKOV, SANIN, ZASSLAVSKY, ROZUMOVSKAYA, ULYANOVA AND 
Ryasova® have investigated the interaction of two preparations of tributyl trithio- 
phosphite, (CaHeS)sP, containing isotopes of sulphur (35S) and phosphorus (32P) 
with steel and copper. It has been shown that phosphorus and sulphur are chemically 
bound metals, the radioactivity of the metal when interacting with phosphite rising 
with temperature and being an irreversible process. It has also been shown that the 
formation of phosphide, sulphide, and phosphide-sulphide films depends on the 
temperature and the nature of the metal. 

To understand the mechanism of the action of wear-reducing additives it is essen- 
tial to know how these complex organic substances such as phosphorus compounds 
can, under friction at high temperatures, lead to compounds with metals, such as 
metal phosphides. 

SANIN AND ULYANOVA have investigated thermal conversions of some additives 
such as organo-phosphorus compounds. They have shown that trialkylphosphites 
undergo at elevated temperatures (about 200°) the disproportionation reaction, which 
for tributylphosphite can be represented as follows: 


4(CaHgO)3P = PH3 + 3H3PO4 + 12C4He8 


Tributyl trithiophosphite is converted following a similar scheme to yield in addi- 
tion to the said compounds hydrogen sulphide. 
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Phosphine and hydrogen sulphide, being highly reactive substances, can form 
phosphides and sulphides with metals. 

If the additives are of a different structure their chemical conversions will also be 
different. The number of simpler substances interacting with metals would seem, 
however, for various additives to be negligible. With most additives these substances 
are phosphine, sulphur, hydrogen sulphide, chlorine, and hydrogen chloride. In some 
cases there can be a direct interaction of additives, such as organic acids, with metals, 
as well as formation of intermediate substances with metal, such as mercaptides, 
which subsequently decompose at the contact points of frictional surfaces*-*. 

Elevated temperatures at the contact points are an indispensable condition for the 
action of additives, which is in practice highly advantageous, the additives attacking 
primarily the most vulnerable points of the frictional metal surface. 

Thus the molecules of the additives must be sufficiently active and react with the 
metal at elevated temperatures. 

The chemical activity of substances used as additives must in turn be strictly limit- 
ed to a definite temperature range. Substances that are too active and undergo 
chemical conversions at temperatures lower than that of the contact points may lead 
to corrosion of the metal, which is to be avoided. 

In practice, the choice of additives reducing frictional wear in engines and mecha- 
nisms is rather difficult and to be scientifically sound it must also take into account 
the mechanism of their action. This requires a thorough knowledge of chemical con- 
versions of additives under friction when in contact with metals. 


THE EFFECT OF ADDITIVES ON WEAR UNDER FRICTION 


We have synthesized and investigated as additives organic compounds of chlorine, 
sulphur, and phosphorus, as well as organo-thiophosphorus and organo-chlorophos- 
phorus compounds. For comparative tests we used solutions of additives in a test 
specimen of exceedingly pure oil whose viscosity amounted to 20.8 cst at 50°C. In all 
experiments the molar concentration of additives in the oil was the same, i.e. 6 
mmoles/r0o g oil. 

The main characteristic of lubricating oils working at boundary friction is their 
capacity to reduce wear‘®, It is this characteristic that was chosen as a criterion for the 
comparative testing of additives. 

Tests were carried out with the four-ball machine?-11, modified as previously 
reported. Steel ball bearings 12.7 mm in diameter were used. The relative sliding 
speed of frictional surfaces of the balls was about 0.25 m/sec, the top ball rotating 
at a speed of 600 r.p.m. The initial temperature was about 20°. 

The results of the tests were given on a logarithmic scale with wear (the mean wear 
spot diameter measured in mm) being plotted against load (bulk axis load in the 
balls measured in kg). The machine allowed the application of axis loads up to 300 kg 
corresponding at minimum wear to specific loads up to about 30,000 kg/cm2. The 
procedure made it possible to determine (1) the wear increase with the increase in 
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load up to the critical one, (2) the critical load Py corresponding to the seizure of 
frictional surfaces and the sharp increase of wear, and (3) the characteristic of wear at 
loads heavier than the critical one, which is believed to account for the capacity of the 
active additives to regenerate the boundary film and interrupt seizure under heavy 
load. The wear—load curve can therefore be divided into three intercepts, each charac- 
terizing a definite frictional behaviour. 


FATTY ACIDS AND ESTERS. SOME ORGANO-CHLORINE COMPOUNDS 


High molecular fatty acids and esters are known to be typical surface-active sub- 
stances as well as additives, increasing under certain conditions the lubricating 
properties of oils under boundary friction. These substances form on the metal sur- 
face adsorbed layers with oriented molecules. This results in the formation of sliding 
surfaces between adsorbed layers and, correspondingly, leads both to the lowering 
of the frictional coefficient and to reduction of the wear on frictional surfaces. 

As the plots in Fig. 1 show, these typical surface-active substances did not reduce 
frictional wear at all. The general shape of the wear—load curves obtained for oil 
containing oleic acid (N 2, Table I, Fig.1), stearic acid (N 3), and methyl stearate 
(N 4) remained the same as for the pure oil. The critical load of oil specimens contain- 
ing the above additives was 60-73 kg and that of pure oil 69 kg, that is within the 
precision of the experiment. 
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Fig. 1. Wear-load ratio. Concentration of additives in oil: 6 mmoles/1oo g oil, or 1.6-2.0%. 


. Oil without additive. 6. Oil + CHs3(CHea)i5sCCleCOOCHs3. 
. Oil + CH3(CHg)7CH = CH(CHg)7COOH. 7, Oil + CioH Cla. 

Oil + CH3(CHe)15CH2COOH. (a) the elastic deformation line; 

. Oil + CHs3(CHe)1sCH2COOCH3 (b) wear under dry friction. 

. Oil + CH3(CHe)1sCHCICOOCHS3. 
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TABLE I 


FATTY ACIDS AND ESTERS. SOME ORGANO-CHLORINE COMPOUNDS 


Chlorine content (%) 


Melti Boiling 
N Formula point, °C Aeie, sc. oaks Calcd. 
2. CH3(CHe)7CH = CH(CHe2)7COOH 65.0 -— —- — 
3. CH3(CHe)15CH2zCOOH 65.5-66.5 ~- — — 
4. CH3(CH2)1sCH2zCOOCH3 38.5-39.0 172-174 — — 
(1 mm) 
5. CH3(CHe)1sCHCICOOCH3 — 195-197 10.85 10.66 
(1,5) 
6. CH3(CHe)15CCleCOOCH3 — 198-212 16.73 19.32 
(1,5) 
7s CyoHgCla 186.5-187.0 — 52.60 52.59 


Raising the concentration of additives, e.g. methyl stearate (Fig. 2), from I to 9 
mmoles (0.3 to 2.7%) did not affect the results, the wear—load curves being almost 


similar. 


Wear spot diameter of lower balls (mm) 
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Fig. 2. Wear-load ratio. Methyl stearate. 

1. Oil without additive. 

2: Oil + I mmole CH3(CHe)1sCH2COOCHa(per 100 g oil). 
Cy Oil + 3 mmole CH3(CHe)15CH2,COOCH3 (per 100 g oil). 
4. Oil + 6 mmole CH3(CH2)1s5CH2COOCHs (per roo goil). 
5. Oil + 9 mmole CH3(CHe2)15CHsCOOCH3 (per 100 g oil) 


The data obtained suggest that when frictional steel surfaces are under heavy 
loads and there are relatively high temperatures at the contact points, those additives 
whose action is due solely to adsorption are not effective. Under these conditions, the 


adsorbed film formed by adsorption layers readily disintegrates. 
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There are indications that the higher fatty acids and esters can react chemically 
under friction with the iron of the steel to give salts of iron (soaps) 3:18, In our experi- 
ments this factor did not seem to be of any considerable importance. 

The introduction of one and especially two chlorine atoms in a methyl stearate 
molecule (methyl monochloro- and dichlorostearate, N 5 and 6, Table I, Fig. 1) 
sharply increases the anti-wear effect of the ester. The critical load of the oil, or the 
maximum load that oil can carry without seizure, for oil containing methyl dichloro- 
stearate is 126 kg and equal to the load-bearing capacity in the presence of tetrachlo- 
ronaphthalene containing about 50% chlorine (N 7, Table I, Fig. 1). This can be ac- 
counted for by the chemical reaction of chlorine with the metal of the frictional 
surface. 

It is to be noted that methyl dichlorostearate and tetrachloronaphthalene, whose 
high activity as additives has already been referred to in the literature, not only 
increase the critical load but also lower frictional wear of the surfaces under loads 
higher than the critical one, as is demonstrated by the fact that the intercepts of the 
curves are less steep in this region. This peculiarity of organo-chlorine compounds 
can be readily exemplified by chlorinated paraffin wax fractions. 


Fractions of chlorinated paraffin wax 


Chlorinated paraffin wax is well known as an additive that increases the lubricating 
properties of oils. It seemed therefore of interest to determine the comparative 
activity of chlorinated paraffin wax in a series of other additives we have synthesized 
and to test the anti-wear properties of its separate fractions. 

The paraffin to be chlorinated was candle wax (Grozny), m.p. 51.9°C (after Zukov) 
with n°. 1.4350. Its average molecular weight corresponded to the formula CesHs:. 
The chlorinated paraffin wax containing 40% chlorine was repeatedly subjected to 
fractional crystallization from dichloroethane at ro, 5, 0, —1o, and —20°C ; the charac- 
teristics of fractions obtained are listed in Table IT. 


TABLE II 


CHLORINATED PARAFFIN WAX FRACTIONS 


Chlorine content % oer 
q°5 55 . . 
N Substance = ni ea ay Caled. 
3. Chlorinated — — 40.0 — — 
Paraffin wax 
4. Fraction Czg5H51Cl 0.8437 1.4450 9.79 9.10 387.1 
5. a Co5H50Cle 0.8999 1.4521 18.64 16.70 421.6 
6. ns Ceo5HagCls 1.0858 1.4609 22.93 23.10 450.0 
Gi »  CosHa6Cle I.1152 1.4848 37-84 37-80 559-4 
8. Ce5Ha0Cli2 1.4010 1.5245 56.83 50.82 700.1 


Each fraction, corresponding to a definite empirical formula is understood to be a 
mixture of chloro-substituted paraffinic hydrocarbons with chlorine atoms at 
different positions in the molecule. 
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Fig. 3 shows the wear-load curves obtained with different fractions of chlorinated 


paraffin wax. 
The fractions isolated are far from being of equal value as additives for wear 
reduction. That containing the least amount of chlorine (C2sHs:Cl) increased the 
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Fig. 3. Wear—load ratio. Chlorinated paraffin wax. Concentration of additives in oil: 6 mmoles/1oo 
g oil, or 2.1-4.5 %. 

. Oil without additive. 

. Oil + paraffin wax. 

. Oil + chlorinated paraffin wax. 

. Oil + fraction Cg5H5,Cl. 


« Oil + fraction Cos5H50Cle. 
. Oil + fraction Ce5HagCls. 
Oil + fraction Co5Ha¢Cle. 
. Oil + fraction Ce5H49Clhie. 
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critical load of oil by only ro kg and did not essentially reduce wear in the region 
above the critical load. The higher the chlorine content in the fractions, the greater 
are the critical loads (except for the fraction CzsHaoCliz2) and the lower the wear in 
the critical load region. With the fraction CzsHaoCliz wear in the region P; amounted 
to only 0.56 mm (wear spot diameter), and even with 300 kg loads it did not exceed 
1.0mm. Thus, chlorinated paraffin wax fractions with high chlorine content readily 
regenerate the boundary film, rapidly eliminate seizure at the contact points, 
thereby strongly reducing frictional wear at heavy loads. The increase in concen- 
tration of the additive of this type (I-g mmoles or 0.75-6.74°%) produces the same 
effect as when its chlorine content is raised, as evidenced by curves in Fig. 4. At 
a concentration of 9 mmoles/1oo g oil the fraction CssHaoCli2 almost eliminates 
seizure (curve 5, Fig. 4). 

From the above data it follows that optimum results (maximum P; and minimum 
wear) are obtained with chlorinated paraffin fractions containing above 40% chlorine 
at above 7% fraction concentration in oil. 
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It will be noted that hydrolysis of chlorinated paraffin, after the elimination from 
its molecules of the most labile chlorine atoms (in alkyl chlorides chlorine atoms are 
substituted by hydroxy groups or split off to give double bonds and hydrogen chloride), 
causes a marked lowering of the anti-wear properties of chlorinated paraffin wax. 
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Fig. 4. Wear-—load ratio. Fraction Ce5HaoClig. 
t. Oil without additive. 
2. Oil + 1 mmole fraction Czg5H49Clyg (per 100 g oil). 
3. Oil + 3 mmole fraction C25H40Clie (per 100 g oil). 
4. Oil + 6 mmole fraction Ce5HapClieg (per 100 g oil). 
5. Oil + 9 mmole fraction Ce5HaoClie (per 100 g oil). 


The labile chlorine atoms in the molecule of chlorinated paraffin wax, tending at 
high temperatures to yield hydrogen chloride, which in turn forms a chloride film 
with metals, are responsible for the effectiveness of chlorinated paraffin wax as an 
anti-wear additive. This mechanism also accounts for the corrosive action of chlori- 
nated paraffin on metals, which, being undesirable, can be partly overcome by adding 
special compounds such as amines. 

It has already been noted in the literature that the action of chlorine compounds 
as additives on frictional wear reduction depends on the lability of chlorine atoms in 
the additive molecules!4. It is, however, rather difficult to ascertain what extent of 
lability of chlorine atoms in the additives is necessary to ensure high additive effect 
and at the same time to avoid corrosion. At present it is possible to give merely a 
qualitative characteristic of the comparative chlorine activity in compounds and 
only by known chemical reactions only indirectly related to processes taking place in 
machines under friction. The chemical conversions of additives under friction at 


Wear, 3 (1960) 200-218 


208 P. I. SANIN, E. S. SHEPELEVA. A. V. ULYANOVA, B. V. KLEIMENOV 


elevated temperatures and heavy loads have up to now been investigated to only a 


very small extent. 
ORGANO-THIOPHOSPHORUS COMPOUNDS 


Esters of thiophosphorous and thiophosphoric acids 


To study the anti-wear effect of compounds containing phosphorus and sulphur 
we have synthesized and tested a number of thiophosphites and thiophosphates. 

The characteristics of some esters obtained with the hydrocarbon radical of differ- 
ent structure, from C3 to Cis, are listed in Table III. 


TABLE III 


THIOPHOSPHITES AND THIOPHOSPHATES 


N Formula see. a? n® 

on (C3H7S)3P 128-129 (2 mm) 1.0600 1.5608 
3. (CaH9S)3P 150-152 (2 ea 1.0121 1.5439 
4. (iso-C5H11S)3P 175-176 (2 m 0.9820 1.5242 
5. (CoH i95)3P 185-186 (0.01 ae 0.9141 1.4910 
6. (CigH37S)3P Mm.p. 54.0—-54.3 =— — 

Ar (CaHgO)3PS 109-110 (2 mm) 0.9925 1.4530 
8. (iso-C4Hg9O)3PS 86-87 (I mm) 0.9863 1.4493 
9. (iso-C5Hy10)3PS II4—-I15 (1.5 mm) 0.9576 1.4500 
10. (CgHi9O0)3PS 115-117 (8: 10-5 mm) 0.9336 1.4679 
aka (CigH370)3PS m.p. 76.0-77.0 — — 


Wear spot diameter of lower balls (mm) 
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Vig. 5. Wear-—load ratio. Trialkyl trithiophosphites. Concentration of additives in oil: 
6 mmoles/t1oo g oil, or 1.5-3.1%. 
1. Oil without additive. 4. Oil + ( iso-C5HyS 
i . 11S)3P 
2. Oil + (C3H7S)3P. 5. Oil + (CgHi9S)3P. 
3. Oil + (C4H9S)3P. 
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As seen from curves in Fig. 5, trialkyl trithiophosphites increase the critical load 
of oil. 

The effect of phosphites depends on the structure of their hydrocarbon radicals: 
the increase in length of the hydrocarbon radical of the phosphite leads to critical 
load reduction. The critical load for the oil containing tri-n-propyl trithiophosphite 
amounted to 110 kg (almost twice as high as for pure oil) and for the oil containing 
tri-m-octadecyl trithiophosphite it was practically identical to the critical load of the 
oil. The reverse ratio is known to the observed with surface-active substances raising 
the lubricating properties of oils only at the expense of their adsorption on the fric- 
tional surfaces. 

It is to be noted that the difference in the activity of phosphites is actually deter- 
mined by their different structure, since the concentration of phosphorus and sulphur 
in the blends was the same, the additives being in all cases taken at the same molar 
concentration. 

Trialkyl thiophosphates are less active as additives than trialkyl trithiophosphites 
(Fig. 6, Table III), which is in accordance with the literature?. 
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Fig. 6. Wear—load ratio. Trialkylthiophosphates. Concentration of additives in oil: 6 mmoles/troo g 
oil, or 1.7-3.0%. 
1. Oil without additive. g. Oil + (iso-C5H410)3PS. 
7. Oil + (CaHgO)3PS. 10. Oil + (CgHi90)3PS. 
8. Oil + (iso-CaHgO)3PS. 


Thus only the lower trialkyl trithiophosphites containing alkyl radicals Cs—Cs can 
be considered as possible effective additives, increasing the lubricating properties of 
oils — a fact to be borne in mind when synthesizing such additives. 

On the other hand, the evidence obtained does not elucidate the influence of either 
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phosphorus or sulphur separately on the activity of organo-phosphorus compounds. 
This has now been determined from butyl esters of phosphorous, phosphoric, thio- 
phosphorous and thiophosphoric acids (Table IV). 


TABLE IV 


BUTYL ESTERS OF PHOSPHOROUS, PHOSPHORIC, THIOPHOSPHOROUS, AND THIOPHOSPHORIC ACIDS 


N Formula Boiling point, °C a3 ile 

2; (CaHgO)aP II4-115 (5 mm) 0.9201 1.4312 
Bs (CaH9S)2P(OC4H¢9) 161-162 (2 mm) 1.0055 1.5180 
4. (CaH9S)3P 150-152 (2 mm) 1.0121 1.5439 
5. (CaHgO)3PO 144-145 (5 mm) 0.9756 1.4230 
6. (C4HgO)3PS 10g-I10 (2 mm) 0.9925 1.4530 
Gib (C4aHgS) PS(OC4Ho9)2 142-143 (2 mm) I.O151 1.4840 
8. (CaHgS)gPS(OCHg) 164-165 (2 mm) 1.0445 1.5270 
9. (C4aHgS)3PS 173-174 (2 mm) 1.0703 1.5665 


The difference in the above esters consists in their containing a different number of 
sulphur atoms in the molecule, from tributyl phosphite and tributyl phosphate 
containing no sulphur whatever, to tributyl trithiophosphite and tributyl tetrathio- 
phosphate involving three and four sulphur atoms, respectively. 
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Fig. 7. Wear-load ratio. Butyl esters of phosphorous, phosphoric, thiophosphorous, and thio- 
phosphoric acids. Concentration of additives in oil: 6 mmoles/1o0o g oil, or 1.8-2.7%. 


1. Oil without additive. 6. Oil + (C4HgO)3PS. 

2, Oil + (C4aH9O)s3P. 7. Oil + (CaHgS) PS(OC4Hg)s. 
3. Oil + (CaH9S)2P(OC4Hp). 8. Oil + (CaHgS)2PS(OC4Hs). 
4. Oil + (CaH9S)3P. 9. Oil + (C4H9S)3PS. 

5. Oil + (C4HgO)3PO. 
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It will be seen from Fig. 7 that the esters under investigation are active additives. 
The increase in the sulphur content of phosphites and, particularly, phosphates 
results, however, in a reduction of the critical load of oil in the presence of these 
substances. 

When proceeding from tributyl phosphate, a substance not containing sulphur 
(N 5, Fig. 7), to compounds involving 1, 2, 3, and 4 sulphur atoms (N 6-9), the Px 
successively decreases from 102 kg to 68 kg or the load-bearing capacity of oil without 
additives. At the same time, the presence of sulphur in phosphites and phosphates 
favourably affects their capacity for lowering wear at loads above the critical one, as 
may be particularly clearly shown for compounds with maximum sulphur content, 
1.e. trithiophosphite (N 4), trithiophosphate (N 8), and tetrathiophosphate (N 9). 
With such compounds, at loads higher than the critical ones, wear is smoothly increas- 
ing, though remaining less than with other compounds. Elevated temperatures develop- 
ed at heavy loads seem to be the most favourable ones for thermical conversions of 
thiophosphites and thiophosphates to form a sulphide film on the frictional surface. 

The peculiar action of sulphur on frictional wear can be exemplified also by the 
direct test of sulphuric compounds such as sulphides and disulphides (Table V). 

From plots in Fig. 8 it isseen that hexadecyl sulphide (N 2) and dibenzy] disulphide 
(N 4) markedly decreased the critical load of oil. At the same time, dibenzyl disulphide 
reduced wear in regions higher than that of the critical load. 

This substantiates the suggestion®.12 that the presence of phosphorus in the mole- 
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Fig. 8. Wear—load ratio. Sulphurous compounds (sulphides and disulphides). Concentration of 
additives in oil: 6 mmoles/roo g oil, or 1.5-2.9%. 

Oil without additive. 

. Oil + Cig H33SCigHss. 

Oil + CeHsCHeSCHeCeHs. 

. Oil + CeHsCHeSSCHe2Ce6Hs. 
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cule of organo-thiophosphorus compounds of this type primarily affects its ability to 
increase the critical load, the presence of sulphur affecting its ability to improve the 
frictional behaviour of metal surfaces at loads above the critical one. 


TABLE V 


SULPHUR COMPOUNDS 
(SULPHIDES AND DISULPHIDES) 


N Formula Melting point, °C 
Ze C1 6H33SCi¢6H33 58.2-58.8 
3. CgHsCHeSCHeCgHs 70.0—71.0 
4. CgHsCHeSSCHeCegHs5 69.0—-69.5 


Chlorine in organo-chloro compounds has already been shown to be able to reduce 
wear at heavy loads even more than does sulphur in organo-thiophosphorus compounds. 
It seems therefore of interest to combine in one compound the action of both phospho- 
rus and chlorine. To this end we have synthesized and investigated a number of 
organo-chlorophosphorus compounds such as esters of chloroalkylphosphonic acids. 
These esters contain alkyloxy- or alkylthio- groups similar to ester groups in the 
above phosphites and phosphates and chloromethylene groups similar to already 
investigated chloroderivatives of aliphatic compounds. 


Esters of chioroalkylphosphonic acids 


In Table VI are listed esters chloromethyl- and chloroethylphosphonic acids under 
investigation, the results of the tests being plotted in Fig. 9. 


TABLE VI 


ESTERS OF CHLOROMETHYL- AND CHLOROETHYLPHOSPHONIC ACIDS 


N Formula Boiling point, °C dy? ny 

2 CH3PO(OC4H9)2 84-85 (2 mm) 0.9769 1.4251 
Bie C4H 9 PO(OC4Ho9)2 142-143 (2 mm) 0.9523 1.4315 
4. CICH2PO(OC4H¢9)2 112-113 (2 mm) 1.0832 1.4420 
5. CICH:PO(SC4Ho9)2 153-154 (3 mm) I.1411 1.5300 
6. CICH2CH2PO(OC4H9)2 133-134 (3 mm) 1.0640 1.4430 
he CICHgCH2gPO(SC4H9)2 192-193 (4 mm) 1.1185 1.5230 
8. CICH2PO(OC5H41-iso)2 129-130 (2 mm) 1.0480 1.4440 
9. CICHgPO(SC5H11-iso)s 157-158 (2 mm) 1.0960 1.5230 
10. CICH2CH2PO(OC5Hj1-iso)2 139-140 (2 mm) 1.0344 1.4430 
II. CCl3PO(OC2Hs5)2 88-89 (2 mm) 1.3699 1.4615 
rr CICH2CH2PO(OCH2CH2Cl)g M.p. 37.0-37.5 — — 

nS. CICH2PO(OCH2CH = CHg)2 122-123 (8 mm) 1.1864 1.4690 
14. CClsCHOH PO(OC5H41-iso) 2 — 1.2532 1.4725 


Fig. 9 also shows the corresponding results for butyl esters of methyl- and butyl- 
phosphonic acids. 


It will be noted that phosphonic compounds with hydrocarbon radicals directly 
bound to phosphorus, 7.e. having the P-C bond, are, like esters of methyl- and butyl- 
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phosphonic acids (N 2 and 3, Fig. 9), much more active than compounds containing 
only alkoxy groups such as butyl phosphite (N 2, Fig. 7). Thus, the first two of the 
above esters increased the P; of oil up to 10g and 137 kg whilst the butyl phosphite 
ester increased it only up to go kg (Figs. 9 and vA 

The introduction of one chlorine atom into such compounds as phosphonates does 
not result in further increase of P; but improves the frictional behaviour at loads 
above the critical one (cf. curves 2, 4, and 8 in Fig. g). Sulphur in thiophosphonates 
is also seen to show the same effect on wear as does chlorine (cf. curves 4 and 5, 6 and 
7,8 and g in Fig. 9). 
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Tig. 9. Wear—load ratio. Chloroalkyl phosphonates. Concentration of additives in oil: 
6 mmoles/1oo g oil, or 1.3-1.8%. 

. Oil without additive. 

Oil + CH3PO(OC4Hp)e. 

Oil + CaHgPO(OC4Ho)p. 

Oil + ClICH,PO(OC4Hp9)z. 

Oil + CICHgPO(SC4H9)s. 

. Oil + CICHgCH2,PO(OC4Ho9)s. 

. Oil + CICHgCHePO(SC4H9)o. 

2 Oil + ClICH2gPO(OC;Hj)-iso)g. 

. Oil + CICH2PO(SC5Hj)-iso)s. 

. Oil + CICH2CH2PO(OC;H)1-iso)s. 

. Oil + CClsPO(OC2Hs5)z. 

. Oil + ClICH2CH2,PO(OCH2CHe2Cl)z. 

. Oil + CICH2:PO(OCH2CH=CHg)2. 

. Oil + CClsCHOHPO(OC5H)1-iso)2. 
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It has been shown!?? that as far as phosphonates are concerned particularly active 
are esters of trichloromethylphosphonic acid (N 11) and di-chloroethyl ester of chloro- 
ethylphosphonic acid (N 12, Table VI). These esters, as is seen in Fig. 9, increase the 
critical load of oil from 68 to 140-150 kg and lead to wear reduction at loads higher 
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than Px, the intercept of the curve obtained for trichloromethyl phosphonate lying 
in this region almost parallel to the elastic deformation line (curve 11, Fig. 9). Particu- 
larly effective proved to be di-isoamyl ester of trichlorohydroxyethylphosphonic 


acid (N 14, Table VI, Fig. 9). 


Judging by data in the literature, the anti-wear properties of compounds with 
-CCls group are exemplified by acetals and thioacetals, CClsC-CH2(SR)215, as well as 
by tri-(trichloroalkyl) phosphites and phosphates’. 

According to patents!®-1%, some compounds such as phosphonic acid derivatives 
and trichloromethyl phosphonic acid derivatives including alkylammonium salt of 
alkyltrichloromethylphosphonic acid are referred to as additives. 


TABLE VII 
CHLOROALKANES 

N Formula Boiling point, °C di° ny prensa ae 

» /O 
2 CH (CHg2)5CHeCl 37-39 (15 mm) 0.8825 1.4240 26.39 
5. CClgCH2CHeCl 45-46 (10 mm) 1.4576 1.4823 78.02 
6. CCl3(CHe2)3CH2Cl 67-68 (2 mm) 1.3470 1.4873 67.61 
Mis CCl3(CH2)5CHe2Cl 88-89 (2 mm) 1.2603 1.4836 59.66 
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Fig. 10. Wear—load ratio. Chloroalkanes. Concentration of additives in oil: 6 mmoles/100 g oil 


or 0.8-1.9%,. 
. Oil without additive. 
. Oil 4+ CH3(CHe)s5CHeCl. 
. Oil + CHs3(CHe)5CH2Cl (24 mmoles or 3.2 ot 
. Oil + CCly. 
. Oil + CClsCHeCHeCl. 
. Oil + CCl3(CH»e)sCHeCl. 
. Oil + CCl3(CHe)sCHeCl. 
. Oil + CClsPO(OC4H¢9)s. 
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It was of interest to study a more extensive range of compounds involving the 
—CCls group. 

In Fig. 10 (Table VII) are given the results of the investigation of some chloroal- 
kanes containing the —CCls group. 

Tetrachloroalkanes containing the —CCls group are obtained by telomerization 
reaction, 1.e. by polymerization of ethylene in the presence of carbon tetrachlo- 
ride20,21 *, 

From the plots in Fig. ro it is seen that the investigated a,a,a, w-tetrachloroal- 
kanes, namely tetrachloropropane, tetrachloropentane, and _tetrachloroheptane 
(N 5, 6, 7; Fig. 10) are more effective than monochloroalkanes such as chloroheptane 
(N 2, Fig. 10). Tetrachloroalkanes increased the critical load of oil from 64 to 100-110 
kg, and with tetrachloropropane up to 130 kg. The activity of tetrachloroalkanes is 
near to their lowest analog, carbon tetrachloride (N 4, Fig. 10), whose action on wear 
under friction has already been described in the literature14. Monochloroheptane 
increased the P; only to 80 kg. Four-fold increase of the chloroheptane concentration 
(N 3, Fig. 10) gave no appreciable results. 

Thus the increased activity of tetrachloroalkanes is due to the presence of the speci- 
fic group —CCls rather than to the absolute chlorine content. It can be postulated 
that with metal surface under friction the chlorine of the trichloromethyl group is 
more active than that of the chloromethyl group. This is substantiated by the known 
chemical reactions of tetrachloroalkanes, which point to the different reactivity of 
chlorine in the trichloromethyl and chloromethyl groups. The electrophilic reagents, 
including some metals such as copper, have been found to affect only the trichloro- 
methyl group, leaving intact the chloromethyl group. It is thereby possible, for in- 
stance, to obtain from 1,1,1,5-tetrachloropentane, CCls(CH2)sCHeCl, 1,5,5,6,6,10- 
hexachlorodecane [CH2Cl(CH2)sCCle-]2, Thus the chlorine from the _ trichloro- 
methyl group can be directly bound with the metal to form metal chloride. This 
mechanism of the anti-wear action of chloroalkanes with the —CCls group accounts 
rather well for the specific enhanced effect of such compounds as additives in reduc- 
ing frictional wear as compared with common alkyl halides. Alkyl halides can, in 
addition, when decomposed evolve hydrogen chloride, which in the presence of mois- 
ture results in increased metal corrosion. 

This substantiates the suggestion advanced in the literature that compounds contain- 
ing the —CCls group4:14 thermically decompose to yield atomic chlorine and thus 
possess reduced corrosive activity. 

In addition, from plots in Fig. 10 it follows that compounds containing both the 
—CCls group and phosphorus, such as dibutyl ester trichloromethylphosphonic acid 
(N 8, Fig. 10) are, in turn, superior in their activity to the tetrachloroalkanes, con- 
taining only the —CCls group. In the presence of trichloromethyl phosphonate, oil has 
a much heavier load-bearing capacity and wear is markedly reduced at loads above 
the critical one. The effect of these additives on frictional wear is due to the concerted 


* The authors are grateful to R. Ku. FREIDx1Na for contributing the preparations listed in Table VII. 
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action of the trichloromethyl group, at the expense of whose chlorine a chloride film 
is formed, and of phosphorus (or rather of the phosphorus compound resulting from 
the additive decomposition) to give a phosphide film. 

The influence of the —CCls group on the anti-wear properties of organo-phosphorus 
compounds can be shown by comparing wear-load curves obtained for butyl esters of 
methyl, chloromethyl, and trichloromethyl phosphonic acids (Table VIII, Fig. 11, 
N 2, 3, and 5) and exemplified by phosphites (Table IX, Fig. 12, N 2-4). 


TABLE VIII 


METHYLPHOSPHONIC ACID DERIVATIVES, CONTAINING —CCl3 GROUP 


N Formula Boiling point, °C ao nz? 
2s CH3PO(OC4H¢9)2 84-85 (2 mm) 0.9769 1.4251 
an CICH2PO(OC4Ho9)2 112-113 (2 mm) 1.0832 1.4420 
4. CClgPO(OC2Hs5)2 88-89 (2 mm) 1.3599 1.4615 
5. CCl3PO(OC4H9)2 124-125 (2 mm) 1.2289 1.4560 
6. CClg3PO(OCg6H5)2 m.p. 66.5-67.0 — - 
7: CClgPO[N(CHs) CisH37]2 530-5325 —— = ba 
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Fig. 11. Wear—load ratio. Methylphosphonic acid derivatives containing —CCl3 group. Concentra- 
tion of additives in oil: 6 mmoles/100 g oil, or 1.3-4.4%. 
. Oil without additive. 5. Oil + CClsPO(OC4H 
i 1 i 5s 4Hg)s. 
- an if Cee DOOR: 6. Oil + CClgPO(OC¢Hs5)e. 
. OI SH2 C4Hp9)o. 7: Oil + CClsPO[N(CH3)CisH 
. Oil + CClsPO(OC2Hs)s. hase cue 
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Comparing the curves N 3 and 4 (Fig. 12), it will be seen that chloroethyl phosphite 
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(N 3), containing as many chlorine atoms in the molecule as trichloroethyldiethyl 
phosphite (N 4), has an effect inferior to that of the latter compound. 

By increasing the number of the —CCls groups in the molecule of the organo-phos- 
phorus compound it is possible to obtain anti-wear additives that will enable the 
oil to carry enormous loads without any seizure. This can be exemplified by such 
additives as phosphites described in the literature?. In Fig. 12 are given the wear 


TABLE IX 


CHLOROALKYLPHOSPHITES 


Chlorine 
content, % 


2 


Formula Boiling point, °C Gas ny 


(CHgCH20)3P 49.0-50.0 (12 mm) 0.9685 1.4125 — 
(CICHgCH20)3P I12.0-115.0 (2.5 mm) 1.3443 1.4818 39.47 
CCIg3CH2OP(OCH2CHs3)e 84.0-84.5 (3 mm) 1.2724 1.4588 39.47 
(CClg3CH20O)3P 163.0-165.0 (5 mm) 1.6485 1.5182 68.08 
[CClgC(CH3)20]3P M.p, 43.5-44.5 — o- 56.10 
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Fig. 12. Wear—load ratio. Chloroalkylphosphites. Concentration of additives in oil: 6 mmoles/100 g 
oil, or 1.0-3.4%. 
1. Oil without additive. 4. Oil + CClsCH,0P(OCH2CHs)z. 
2. Oil + (CH3CH2O)s3P. 5. Oil + (CClgCH20)s3P. 
3. Oil + (CICH2CH20)3P. 6. Oil + [CCl3C(CHs3)20]sP. 


curves for tri-(trichloroethyl)-phosphite (N 5) and tri-(trichloro-tert. butyl) -phosphite 
(N 6); with these compounds, wear (wear spot diameter) was lower than 0.8 mm even 
at 300 kg loads (or specific load about 30,000 kg/cm 2), 
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REIBUNG UND VERSCHLEISSERSCHEINUNGEN AN 
FESTGEKLEMMTEN KOLBEN 


A. D. HAAG* 


Ungarisches Erdél und Evdgas Forschungsinstitut, 
Budapest (Ungarn) 


ZUSAMMEN FASSUNG 


Es wurden an infolge Warmedehnung festgeklemmten Kolben Beschadigungen beobachtet, 
welche diesen Zustand prima facie festhielten. Die Erscheinungen werden eingehend beschrieben, 
in Bild und Schnitt wiedergegeben. Durch Warmedehnung verursachte hohe Normaldriicke 
kénnen unter der Flache an deformierten Stellen mit verkleinerten Kriimmungsradien, so grosse 
Schubspannungen hervorrufen, welche geeignet sind den strukturellen Zusammenhang zu zer- 
stoéren und Abtrennung von Kolbenmaterialteilchen hervorrufen. Die Erscheinung entspricht den 
Gesetzen der Festigkeitslehre der Strukturmechanik. Die beschriebenen Beschadigungen sind 
also Beweise dafiir, dass es an aufeinander gleitenden Flachen —trotz einer Olschicht — zum 
mechanischen Lostrennen von Teilen aus der Oberflache, — und eine Aufrauhung derselben kom- 
men kann, — wenn nur die lokale Belastung dementsprechend ansteigt. Es wird nach einem Ver- 
gleich mit Verschleissbilder in elektronmikroskopischer Vergrésserung anderer Autoren gezeigt, 
dass sich die Verhdltnisse auch in der submikroskopischen Verschleissregion ahnlich gestalten. 
Damit wird die Auffassung bekraftigd, dass der Verschleiss an geschmierten Oberflaéchen nicht 
nur als Folge von mechanischer Beriihrung herrithrenden Abtragungen, sondern auch durch 
Oberflachenermiidungen entsteht. 


SUMMARY 


Damage has been observed in pistons that have jammed as a result of thermal expansion and 
have retained this state prima facie. A full description is given of these phenomena, together with 
illustrations of surface views and sections. High normal pressures brought about by thermal ex- 
pansion may provoke on the deformed parts with diminished radius of curvature shearing stresses 
of such magnitude that they are able to destroy the structural connection, causing detachment of 
piston material particles. These experiences are in agreement with the rules of statics in structural 
mechanics. This damage provides proof of the fact that, in spite of the oil film, mechanical dis- 
location of surface particles and surface roughnesses may be provoked as soon as the local load 
becomes sufficiently high. Comparison with electron-microscopic magnifications taken by various 
authors proves that a similar state of affairs also prevails in the submicroscopic wear region. This 
confirms, therefore, the conception that wear is brought about not only by abrasion owing to 
mechanical contact, but also as a result of surface fatigue. 


EINLEITUNG 


Bestrebungen die Formen und Ursachen verschiedener Verschleisserscheinungen zu 
erfassen werden dadurch behindert, dass es sehr schwierig ist diese Vorgange prima 
facie zu erfassen. Einleitung des Verschleissvorganges und Verschleissfortschritt 
miissen nicht auf gleicher Ursache ruhen, da sich die Verschleissarten in den meisten 
Fallen iiberlagern. Verschleissbilder zeigen meist eine vorgeschrittene Oberflachen- 


* Anschrift: Budapest, 1X, Papay Istvan utca 6-10. 
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zerstérung und kénnen dadurch, dem besprochenen Zwecke nur wenig dienlich sein. 

Verfasser gelangte im Laufe seiner im Jahre 1955 abgeschlossenen Priifstands- 
versuche im Autoverkehrswissenschaftlichen Forschungsinstitut, Budapest (unga- 
rische Abkiirzung: ATUKI) zu der Meinung, dass bei entsprechenden Betriebs- 
bedingungen ein Motor auch im Moment des Auftretens der auf die Laufflache zer- 
stérend wirkenden Drucke zum Stillstand gebracht werden kann, so dass die Zer- 
stérungen an den Kolbenflachen prima facie erfasst werden kénnen. 

Kolben mit ungeniigenden Spiel montiert, klemmen im Zylinder, infolge ihrer 
Warmedehnung, bei einer bestimmbar grossen Temperaturerhéhung. Sind die Pas- 
sungen in einem Mehrzylindermotor nicht gleich gross, so besteht die Méglichkeit, 
dass wahrend die Kolben mit grésserem Spiel noch tadellos funktionieren, andere nur 
mehr durch die so gesicherte Leistung, auf Kosten von Beschadigungen an ihren 


() 
Abb. 1. Angefressene Kolbenflache mit abgebré i i 
gebréckelten und angeschweissten Bruchteil 1 
Bild, (b) und (c) in Schnitt. feat 
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Oberflachen fortbewegt werden kénnen. Bei grésseren Warmedehnungen entstehen 
auf diese Weise so grosse diametrale Driicke, die schliesslich zu untiberwindbaren 
Widerstanden fithren, so dass der Stillstand des Motors auch durch schmiertechnische 
Kniffe (Kolloidgrafit, Molibdensulfidzusatz, usw.) nur verzégert, nicht aber ver- 
mieden werden kann. Die so beanspruchten Kolben zeigen aufgerauhte Flachen mit 
Beschadigungen, welche augenscheinlich durch Einwirkung des ausgebriickelten, 


Abb. 2. Beide Seiten eines angefressenen Kolbens, natiirliche Grosse. 
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zerquetschten und wieder angeschweissten Metalls entstanden sind, aber auch solche 
Furchen, aus denen das zerstoérte Material verschwunden und nicht immer auffindbar 
ist. Solche angefressene Laufflachen werden in Sicht und Schnitt in den Abbildungen 
von Abb. 1 gezeigt. In diesen Stadium der Zerstérung kann aus dem Oberflachenbilde 
kein Riickschluss mehr auf den Beginn des Vorganges, also noch weniger auf dessen 
Formen und Ursachen gezogen werden. 

Bei Versuchen mit Vierzylindermotoren der Type Renault FK4 ist es 6fters gelun- 
gen klare, unverzehrte Verschleissbilder zu erhalten. Die Kolben waren mit 0.06 mm 
Kaltpassung montiert, bei einer Bohrung von 58 mm. Die zwei Motoren der Parallel- 
versuche klemmten bei Erreichung einer Karteréltemperatur von 65~70°C. Die beiden 
Seiten eines Kolbens des Versuchsmotors A sind in Abb. 2 a,b dargestellt. Es ist er- 
sichtlich, dass die Beschadigungen nur auf der einen Laufflache und auch dort nur 
auf eine bestimmte Stelle beschrankt erscheinen, wobei die diametral entgegenge- 
setzte Laufflache unbeschadigt geblieben ist. Es muss also ein ausgesprochen Lokales 
Druckmaximum entstanden sein, was als Folge einer thermischen Deformation leicht 
erklarbar ist, wenn die lokalen Maximaldrucke nach der Hertz’schen Spannungs- 
formel in Betracht gezogen werden. 


VERSCHLEISSBILDER VON FESTGEKLEMMTEN KOLBEN 


Abb. 3 zeigt einen Ausschnitt der beschadigten Flache der Abb. 2 in 3x Ver- 
grosserung. 

Alle ausmontierten Kolben des Versuchsmotors ergaben bei eingehenden Unter- 
suchungen in einer 180 x Vergrésserung ahnliche Erscheinungen. Das also, was von 
den Kolben von Abb. 2 gesagt werden kann, stimmt prinzipiell auch fiir die iibrigen, 
bzw. auch fiir die Kolben des Versuchsmotors B. Die diesbeziigliche Dokumentation 
ist in den der Ungarischer Akademie der Wissenschaften 1957 vorgelegten Original- 
bericht zu finden. Der abgebildete Kolben wurde aus fototechnischen Griinden als 
Beispiel gewahlt. Die vergrésserten Detailaufnahmen wurden teils an der Mattscheibe 
eines Diatestors Type Otto Wolpert durchgefiihrt. Dies ist an den Langezeigerpaar 
fiir 0.1 mm Originallange erkennbar. Andere Flachenrauhigkeitsaufnahmen wurden 
mit dem Schmaltz’schen Gerat vorgenommen. Alle Aufnahmen stammen aus dem 
Materialpriifungslaboratorium der ATUKI. 

Schon dies erméglicht eine gewisse Klassifizierung der verschiedenen Beschadi- 
gungstypen. 

(a) Einige Rillen laufen bis an das Ende der Laufflache, wo auch eine Anhaufung 
von abgetragenem Kolbenmetall ersichtlich ist. Diese Rillen kénnen als Spuren 
eingeklemmter Fremdkérper bestimmt werden. Sie werden deshalb als spanab- 
hebende Beschadigungen betrachtet. In dieser Klasse kénnen zwei Abarten fest- 
gestellt werden: 

(a. 1) Scharfe, blanke, keilformig vertiefte Riefen mit geringerer Breite und Tiefe 
von spitzen, harten Oxyd-, Quarz-, usw. Kérnchen stammend; 

(a. 2) breitere, flachere Grabchen mit darin erkennbaren Spuren zerquetschter, 
teils angeschweisster Kolbenmaterialteilchen, Diese entstanden ahnlich den Bescha- 
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digungen nach Punkt (b), nur ist kein Stillstand des Kolbens gleichzeitig eingetreten, 
so wurde das ausgebrickelte Kolbenmaterial von seiner urspriinglichen Stelle ver- 
schoben, zwischen Kolben- und Biichsenflache eingeklemmt und Ursache der Ver- 
formung. Das abgeschabte Material wurde bis zum Flachenrande geschoben und dort 
abgelagert. 


aeat b ane a. 2 


Abb. 3. Teilausschnitt aus Abb. 2 in 3x Vergroésserung. (a. 1) Risse durch Fremdkérper ver- 
ursacht, (a. 2) zerstérte Kontaktbeschadigungen, (b) Beschadigungsgraben durch Kontaktdruck 
verursacht. 


(b) Scharfkantige Vertiefungen mit flachem Boden kristallinischen Bruchflachen- 
charakters. Diese in der Bewegungsrichtung orientierten Grabchen laufen nicht bis 
zum Ende der zylindrischen Laufflache, und das herausgebréckelte Material, oder 
dessen zerstérende Wirkung sind weder in dem Verschleissgraben, noch in seiner 
Umgebung in irgendwelcher Form zu finden. Solche—prima facie— Beschadigungen 
sind—nach Auffassung des Verfassers— Ergebnisse solcher Flachenkontakte, die den 
sofortigen Stillstand des Gleitens verursachen. Festklemmen und Abstoppen der 
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Bewegung sind also gleichzeitig Folgen derselben Ursache. Auf das Verschwinden des 
ausgebrockelten Kolbenmetalls wird noch zuriickgegriffen. 

Auf den Laufflichen erscheinen 6fters dunkle Flachen, diese sind meistens glatt, 
mit Ollack tiberzogen, wie es als Folge einer Ablagerung der Schmier6lzersetzungs- 
produkte normal ist. 

Die beiden beschriebenen Beschadigungsformen (a) und (b) sind also noch vor dem 
Anfressen —als Resultate unterschiedlicher Vorgiinge —entstanden. Diese Behaup- 
tung kann durch eingehendere Untersuchungen an den Vergrésserungen hdheren 


Masstabes nur noch bestitigt werden. 


Abb. 4. Durch eingebetteten Fremdkérper verursachter Riss, 180 X Vergrésserung. 


Abb. 4 zeigt eine, von harten, scharfen Fremdkérpern verursachten Riefe der 
Kategorie (a. I) entsprechend, in 460 x Vergrésserung. Die Breite betragt ungefahr 
0.03-0.04 mm; der Querschnitt kann auch auf Abb. ro erkannt werden, wo er als 
eine kleine Vertiefung erscheint. 


Abb. 5. Querschnitt des in Abb. 4 dargestellten Risses in 800 x Vergrésserung. 


Das Modell fiir Kategorie (a. 2) zeigt Abb. 6, wo ein ungefahr 0.06 mm breites 
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Grabchen zu beobachten ist, dessen Material durch ein eingeklemmtes Bruchstiick 
weggeschabt wurde; der Querschnitt 450 x ist auf Abb. 5 dargestellt. 


Abb. 6. Durch eingeklemmten Fremdkérper geschabte Rille (a) in 180 Vergrésserung und in 
Schmalz’schen Lichtschnitt, vertikale Vergrésserung. 


Das in Abb. 7 wiedergegebene Detail kann leicht mit dem unteren Ende der auf 
Abb. 2 und 3 dargestellten, klar sichtbaren prima facie Beschadigung (b) identifiziert 
werden. Das Mass der Vergrésserung ist durch das 0.1 mm andeutende Zeigerpaar 
bestimmt. Das Kolbenmetall ist infolge des Klemmdruckes in missiger Tiefe von einer 
scharf umrissenen Stelle herausgehoben worden. Es soll mit Nachdruck auf die scharf- 


Abb. 7. Scharfkantige Beschadigungsstelle, Teilvergrésserung aus Abb. 2. 
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gezackte Abgrenzung hingewiesen werden. Ahnliche Beschadigung ist auch auf Abb. 8 
ersichtlich, wo aber im Graben noch genau so scharf umgrenzte, helle Inseln der 
urspriinglichen Flache unbeschadigt zuriickgeblieben sind. 


Abb. 8. Scharfkantige Beschadigungsstelle, mit Inseln der unbeschadigten Flache. 


Abb. g und 10 zeigen die Schmalz’schen Lichtschnitte der benachbarten Ober- 
flachen in der Bewegungsrichtung und quer dazu in ungefahr 480 x Vergrésserung. 


Abb. 9. Lichtschnitt der unbeschadigten Flache in Bewegungsrichtung aus der Umgebung des 
Beschadigungsgrabens in Abb. 7. 


Abb. to. Lichtschnitt wie in Abb. 9 in Meridianrichting mit den angrenzenden unbeschadigten 
Flachen. 
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Die Struktur des Bodens im Beschadigungsgraben kann auch aus den kleineren 
Vergrésserungen von Bild 2 und 3 schon als kristallinisch erkannt werden. Abb. 7 
zeigt dasselbe Gefiige in einer 200 Vergrésserung, wo sich die dachziegelférmige 


Abb. 12. Querschnitt durch Beschadigungsgraben in Abb. 7. 


Abb. 13. Unvollstandig eingelaufene Kolbenflache mit Bearbeitungsspuren. 
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Bruchfliche mit allen charakterisierenden Merkmalen einer kristallinischen Metall- 
struktur noch ausgeprigter hervorhebt. Abb. 11 zeigt dessen Schmalz’schen Quer- 
schnitt in der Bewegungsrichtung; Abb. 12 darauf senkrecht den ganzen Graben- 
querschnitt, samt anstossenden unbeschadigten Flachenteilen. 

Um die Gestaltung der Oberflachen vergleichen zu kénnen, gibt Abb. 13 einen 
Ausschnitt aus der urspriinglichen Laufflache in 180 Vergrésserung mit unab- 
geglatteten Bearbeitungsspuren, deren Querschnitt in Abb. 14 in 400 x Vergrésserung 
dargestellt wird. Abb. 15 zeigt den glatten Querschnitt einer sauber eingelaufenen 
Kolbenringoberflache. 


Abb. 14. Lichtschnitt durch die Bearbeitungsspuren in Abb. 14. 


Abb. 15. Lichtschnitt einer Kolbenringflache, eingelaufen in Bewegungsrichtung. 


Die Zylinderlaufflachen waren blank, sauber, anhaftende Fremdkérper von Kolben- 
metall waren nicht zu finden. 


DEUTUNG DER VERSCHLEISSERSCHEINUNGEN 


Die beschriebenen Erscheinungen kénnen zur Klaérung des Verschleissprozesses 
herangezogen werden. Beziiglich der schabenden, spanabhebenden Wirkung einge- 
klemmter Fremdkérper ist nichts weiter zu sagen, als dass dieser Vorgang im An- 
fangsstadium ohne sofortiges Anschweissen der abgeschabten Teilchen erfolgt, also 
nicht an sich selbst, sondern nur in ihrer weiteren Entwicklung Ursache der Flachen- 
anfressung ist. 

Feststellungen von Tragweite erméglichen aber die Erscheinungen der mit prima 
facie’ gekennzeichneten Beschadigungen, wie sie in den Abb. 7-12 dargestellt sind. Sie 
entstehen infolge lokaler, die Elastizitatsgrenze des Kolbenmaterials iiberschreitender 
Schubspannungen. Solche kénnen dem Beispiel entsprechend unsymmetrisch an 
einem Kolben auftreten, wenn als Folge ungleicher Warmeverteilung an einer Stelle 
eine Ausbuchtung mit verkleinertem Radius entsteht. Die Grésse der maximalen 
Normalspannung gestaltet sich den Hertz’schen Formeln entsprechend. Mit anwach- 
sender Flaichenpressung und gleichzeitiger Verminderung von Kriimmungsradii 
steigt die Schubspannung t rasch an, wahrend sie bei formentreuer Ausdehnung des 
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Kolbens — wie an der unbeschadigten Seite sichtbar—in der Grésse des normalen 
Zustandes verbleibt. Unter solchen Normalspannungen entstehen Schubspannungen, 
deren Maximum mit tmax = 0.3 on berechnet wird. Diese Schubspannungen ent- 
stehen an Flachen, die in der Tiefe von z = 0.78a unter der Flache liegen, wo 2a die 
breite der Berithrungsflache bedeutet, deren Grésse aus der dazu dienenden Hertz’ 
schen Gleichung errechnet wird. 

FOPPL UND HuBER zeigten in ihrer Forschungsarbeit tiber die Giiltigkeitsgrenzen 
der Elastizitatstheorie!, im Einklang mit Fépprs fritheren Feststellungen, dass als 
Folge eines von einem Zylindrischen Stahlstempel auf eine ebene stahlerne Platte 
ausgetibten, entsprechend hohen Druckes, deutlich zwei sichtbare, langere Fliesslinien 
im Querschnitte, normal zu den Fliessflachen erschienen, die sich in der Symetrielinie 
schneiden. Diese Feststellung entsprach der schon éfters beobachteten Erscheinung?, 
dass die Fliesslinien bei ihrem ersten Auftreten stets auf einer grésseren Lange durch- 
reissen, was man als ,,quantenhaftes Fliessen’’ bezeichnet. 


Abb. 16. Fliesslinien unter Walzendruck fiir Stahl 37, Walzenhalbmesser 240 mm, 3X _ ver- 
grossert. FOPPL UND HUBER (loc. cit., Abb. 1). 


Abb. 16 ist aus der Arbeit von FOpPL UND HUBER iibernommen. Es wird dazu vom 
Verfasser als besonders beachtungswert hervorgehoben, ,,dass nach dem Bild, die 
Fliesslinien im Inneren entstehen, und auch bei stéarkerem Druckanstieg kaum bis 
zur Oberflaiche weiterwachsen. Es ist dies ein Beweis dafiir, dass der Zusammenbruch 
des elastischen Spannungszustandes nicht auf eine Oberflachenwirkung zuriick- 
zufiihren ist, wie friiher manchmal angenommen wurde, sondern dass es von innen 
heraus, also von Stellen aus erfolgt, die nicht mehr zu Oberflachenschicht zu rech- 
nen sind.”’ 

Die Verhiltnisse gestalten sich auch dann dhnlich, wenn die Radien beider Kriim- 
mungen endlicher Grésse sind, unabhangig davon, ob die Kritmmungszentren auf 
entgegengesetzten, oder auf derselben Seite der Berithrungstangente liegen. Ersteres 
erscheint bei Zahnflanken, letzteres bei Kolbenflachen. 

Bei Warmedehnung der Kolben kénnen so hohe lokale Driicke an den Laufflachen 
auftreten, dass die maximale Schubspannung, die Festigkeit des Kolbenmaterials 
iiberschreitend, der maximalen Schubspannung entlang in Rissbildungen ausartet, 
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welche dann zur Abtrennung von Materialteilchen fiihren, womit das Anfressen des 
Kolbens eingeleitet werden kann. 

Es wurde erwahnt, dass der Kolben infolge der Warmedehnung durch die Klemm- 
wirkung plétzlich stillgestellt wird. Dies ereignet sich in streng wissenschaftlichem 
Sinne nur in Bezug auf den Ubergang vom hydrodynamischen Reibungszustand in 
den der Festkérperreibung, die den Coulomb’schen Gesetzen folgt. Das Festklemmen 
spielt sich in der Zeit—wenn auch in einer sehr kurzen Zeitspanne — ab, wahrend- 
dessen infolge der erhdhten Normaldriicke auch die Flachenreibung entsprechend 
anwachsen, muss. 

In der kurzen Zeit des Stehenbleibens wirken an den Beriihrungsflachen Schub- 
krafte, die infolge der entgegengesetzten Richtungen der Reibungswiderstande und 
der, die Bewegung fortzufiihren bestrebten ausseren Krafte, entstehen. Die Material- 
festigkeit wird also nicht nur von den statischen Normaldriicken erweckten Schub- 
spannungen, sondern auch von Schubspannungen aus den Reibungswiderstanden 
belastet, und kann dadurch in gegebenem Falle bis zum Bruch beansprucht werden, 
wobei die Reibungskrafte eine Tendenz zur Fortbewegung der Bruchteile ausiiben. 
So kann eine Abtrennung vom Kolbenmaterial, wie es Abb. 7-12 veranschaulichen, 
technisch begriindet werden, falls der Einfluss der schmierenden Olschicht dieser 
Behauptung nicht widerspricht. 

Es kénnte angenommen werden, dass wahrend des Verlaufes der Festklemmung 
das Ol aus dem Zwischenraum weggepresst und so eigentlich ein metallischer Kontakt 
erreicht wird. 

Die kurze Zeitspanne gentigt trotz der grossen Driicke nicht um das Ol aus der sehr 
diinnen Schmierspalte herauszudriicken. Der hohe Druck verursacht vielmehr die 
Versteifung — Solidification— des Oles, womit auch das Anwachsen des Reibungs- 
widerstandes und die Ubertragung der hohen Normaldriicke Erklarung findet. 
Wiirde das Ol verschwinden, so miisste nach Hom? die Abtragung des Materials der 
einen Flache mit einer Adharierung an das Material der anderen Flache verbunden 
sein. Dies erfolgte im gegebenem Falle nicht, da die Biichsenflache von Fremdkérpern 
frei blieb. Bei Vorhandensein eines Olfilms wird dieser Umstand leicht verstandlich, 
wenn man bedenkt, dass nach Abkiihlung des Kolbens, die Dilatationskrafte infolge 
der Schrumpfung verschwanden, und so die Solidification des Oles aufhérte. Dieser 
Umstand erméglichte den Kolben so herauszuschieben, dass die Bruchteile im 
Beschadigungsgraben gleichzeitig entfernt werden konnten, welche dan mit dem 6] 
bei der Reinigung verloren gingen. 

Beziiglich der Méglichkeit der Ubertragung der bis zum Bruch notigen hohen 
Driicke wird auf jene Versuche hingewiesen, die den Beweis lieferten, dass mit Ol 
benetzte ebene Stahlflachen, durch aufprallende Stahlkugeln bis zum Eintritt blei- 
bender Formveranderungen; also bis iiber die Fliessgrenze, belastet werden kénnen. 

Im wibrigen wird noch auf die Versuchsergebnisse von CAMERON hingewiesen, der 
Anfressungen bei Olfilmen feststellte, die doppelt so stark waren als die Summe der 
Rauhigkeitsgipfelhéhen. ENGLIScH® erklart diese Erscheinung folgendermassen: ,,es 
tritt praktisch itberhaupt kein nennenswerter Verschleiss auf, solange ein geschlossener 
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Schmierfilm zwischen den aufeinander gleitenden Flachen aufrechterhalten wird, und 
die Werkstoffe in der Lage sind, den Beanspruchungen durch die in der Schmier- 
schicht auftretenden Driicke dauernd standhalten zu kénnen. Ist das nicht der Fall, 
so kénnen als Folge ausserer Krafteinwirkung bleibende, plastische Verformungen, 
verbunden mit einer durch Wechselbeanspruchung hervorgerufenen Ermiidung der 
ausseren, beanspruchten Schichten, also , Oberflachenermiidungen”’ auftreten. Da- 
durch kommt es aber zum mechanischen, Lostrennen von Teilen aus den Oberflachen, 
und zu einer Aufrauhung derselben. Einleitung des Verschleissvorganges und Ver- 
schleissfortschritt miissen nicht auf gleicher Ursache beruhen. Die Verschleissarten 
wberlagern sich in den meisten Fallen.’’ 

Das beschriebene Beispiel der geklemmten Kolben reiht sich als extremer Fall an 
vorige Feststellungen. Die Ablésung von Teilen der Flachenmaterie erfolgte in An- 
wesenheit einer Olschicht, dazu war nur das Enstehen eines zur Solidification des Oles 
geniigend hohen lokalen Druckes notwendig, und dies konnte leicht durch War- 
medehnung verursacht werden. Wird der Flachendruck so hoch, wie er eben infolge 
tibermassiger Dilatation werden kann, so kann auch die Fliessgrenze des Kolben- 
werkstoffes iiberschritten werden, und Beschadigungen ergeben sich durch einmalige 
Uberlastung, wie es die Féppl’schen Versuche beweisen. Besteht Moglichkeit, so ist 
es logisch, dass bei kleineren, aber sich oft wiederholenden Beanspruchungen zu 
Ermiidungserscheinungen kommen, muss. 

Damit wurde wieder bewiesen, dass ein Verschleiss—also mechanisches Lostrennen 
von, Teilen aus den Oberflachen —als Folge des in der tragenden Olschicht entstehen- 
den Driicke verursacht werden kann, obwohl kein sogenannter_ ,,halbfliissiger’’ 
Reibungszustand eingetreten ist, bei welchem Zustand sich die héchsten Rauhig- 
keitsspitzen beriihren und durch ihre schabende Wirkung Verschleiss hervorbringen 
miissten. In der Umgebung der scharfkantigen Beschadigungsgraben konnte das 
Zeichen beginnender Beriihrungsanfressungen nicht gefunden werden, gleichzeitig 
als Folge der an einigen Stellen auftretenden Trockenreibung, da ja die Aufrauhung 
der Kolbenflache trotz Vorhandensein eines geschlossenen Schmierfilmes erfolgte. 

Damit diirften die gezeigten Zerstérungen an den geklemmten Kolbenflachen voll- 
standige Klarung erhalten haben. 


FOLGERUNGEN 


Es ist nattirlich noch eine weitere Frage, ob aus den beschriebenen, sozusagen 
makroskopischen Verschleisserscheinungen auf den von EnGLiscu beschriebenen Ver- 
schleissvorgang gefolgert werden kann, wenn es sich um die Abtrennung submikros- 
kopischer Teilchen handelt. 

Twiss, LEwiIs AND TEAGUE haben Verschleissversuche an bewegter Scheibe vorge- 
nommen, auf welcher ein Metallstab gedriickt wurde. Das Verschleissbild kann 
demgemass nur ein verworrenes sein, in der neben prima facie Erscheinungen auch 
secundare und weiter vorgeschrittene Verschleisspuren erscheinen miissen. Aus der 
Fiille der in r0,000-facher elektromikroskopischer Vergrésserung wiedergegeben 
Flaichenbilder wird in Abb. 17 eine herausgegriffen, welche unzweifelhaft dieselben 
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(a) (b) 


Abb. 17. (a) Elektronmikroskopische Vergrésserung einer Beschadigung nach Twiss und 
Mitarbeiter (/oc. cit., Fig. 8), (b) Wiedergabe des Abb. 7. 


Merkmale einer kristallinischen Bruchflache aufweist, wie das Vergleichsbild an unse- 
rem besprochenen Material. In Abb. 18 ist die Stelle einer scharf abgegrenzten Bruch- 
flache sichtbar, die sich gut mit dem Beschadigungsgraben in Abb. 4 vergleichen 
lasst, wobei auf demselben Bilde auch einige Spuren geschabter Riefen sichtbar sind. 
Auf die iibrigen Bilder des zitierten Berichtes wird verzichtet, da sie als Folgen der 
Weiterentwicklung des eingeleiteten Verschleissvorganges zu betrachten sind. 


(a) 


Abb. 18. (a) Elektronmikroskopische Vergrosserung eines Beschadigungsgrabens nach Twiss 
und Mitarbeiter (/oc. cit., Fig. 5), (b) ahnliche Verschleissflache am Kolben von Abb. as 
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Mikroskopische Untersuchungen des Verfassers? an gebrauchten Ol fiihrten zur 
Feststellung von zweierlei Arten abgetragener Eisenteilchen. Nach Reparaturar- 
beiten, oder nach dem Einlaufvorgang erscheinen im gebrauchten Ole plattchen- oder 
muschelartige, scharfkantige Kérperchen aus dem Gusseisen des Zylinders in der 
Gréssenordnung von 0.1 mm. Diese sind abgeblatterte Bearbeitungsriickstande. In 
einem sauber eingelaufenen Motor treten solche kaum mehr in Erscheinung; als typi- 
sche Form des abgetragenen Verschleissmaterials erscheinen jetzt kleine, spirale 
Spane mit ungefahr xr w Spandicke und 5-ro w Lange. Im magnetischen Kraftfelde 
orientieren sich diese kleinen Spirale gesatzmassig parallel, oder sie reihen zich mit 
ihren polaren Enden in langeren Ketten, die durch Verdrehung des Kraftfeldes wieder 
gebrochen und gelést werden kénnen. Solche, Abb. 19 entsprechende Eisenspine 
enstehen infolge spanabhebender Wirkung harter, eingebetteter Fremdkérper. Die 
Dimensionen kénnen aus dem Bilde ungefahr den vorher angegebenen entsprechend 
geschatzt werden. 
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Abb. 19. Pittings unter Walzendruck fiir Stahl 37, Walzenhalbmesser 9 mm, 3X vergréssert. 
FO6PPL UND HUBER (loc. cit., Abb. 2). 


Bei der chemischen Analyse gebrauchter Ole ergab sich aber ein Eiseninhalt auch 
in Fallen, wo mikroskopisch keine Spuren solcher Verschleisskérper mehr vorzufinden 
waren. Diese unsichtbaren submikroskopischen— also kolloidalgrossen Eisenteilchen — 
konnten weder sedimentiert, noch durch Filtern ausgeschieden werden. Sogar im 
magnetischen Filter konnten keine nennenswerten Mengen festgehalten werden. 
Verschleisseisen solcher Grésse ist in der 10,000-fachen Vergrésserung von Twiss und 
Mitarbeiter leicht auffindbar. Daraus kann gefolgert werden, dass die Gréssenordnung 
des wirklichen Verschleisses— wie es nach der Beschreibung von ENGLISCH in Fallen 
einer Flachenermiidung angenommen werden muss—mit diesen kolloidalen Eisen- 
teilchen identisch sein miisste. 

Diese Annahme steht auch im Einklang mit einer weiteren Feststellung von FOpPL 
uND HvuBeEr!, wonach bei Druckiibertragung mittels Zylinder kleinen Durchmessers 
statt der in Abb. 16 gebrachten Fliesslinien, abgetiefte Lécher—sogenannte Pittings — 
erscheinen, aus denen das Flachenmaterial in zerstértem Zustande herausbréckelt 
(Abb. 19). Dies ist die Folge dessen, dass sich die Elastizitatstheorie im Falle kleiner 
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Dimensionen — die durch eine fiir einen Werkstoff charakteristische Lange begrenzt 
werden kénnen — nicht mehr die iibliche Giiltigkeit besitzt, nachdem das Material 
bei diesen Gréssen weder homogen, noch isotrop sein kann. Wie gezeigt, besteht die 
Méglichkeit solche Driicke auch durch die Vermittlung von Olfilmen zu iibertragen, 
wenn nur die lokale Kriimmung einer der aneinander gleitenden geschmierten Flachen 
geniigend klein und ihre Belastung entsprechend hoch ist. 


Abb. 20. Durch Fremdkérper abgeschabte Eisenspane im Ol, im magnetischen Kraftfelde 
gleichgerichtet. 
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A REPLICA METHOD FOR EXAMINING WEAR AND SCUFFING IN 
CYLINDER LINERS 


A. P. YOUNG anp C. M. SCHWARTZ 


Battelle Memorial Institute, Columbus, Ohio (U.S.A.) 


INTRODUCTION 


Wear and scuffing in diesel engine cylinder liners may be influenced by many 
factors such as metallurgical variables, fuel chemistry, piston and cylinder design. 
The influence of these various factors on cylinder wear may be evaluated statistically 
in a manner described by LEEs!. Such information is very useful to diesel engine 
designers and users and, when the recorded observations are sufficiently extensive, 
may make it possible to arrive at a deeper understanding of the conditions of cylinder 
wear. 

An alternative to the statistical method of investigating cylinder wear is that of 
making detailed examinations of piston rings and cylinder liners after individual runs 
to determine mechanisms of wear. Piston rings and cylinder liners can be sectioned 
after a run. The degree of localized wear as evidenced by surface appearance can be 
correlated with subsurface metallurgical changes in the liner and piston material. 
An investigation of this type to detect metallurgical changes in scuffed areas of 
cylinder liners was conducted. In connection with this investigation it was desirable 
to learn something about the progress of cylinder wear, particularly in scuffed areas, 
during a run. 

For the purpose of periodic inspection of cylinder liners during an engine test, a 
nondestructive method of examination had to be devised. Previous experience with 
replica methods in this laboratory indicated that plastic replicas could be used for 
the proposed examination of cylinder liners. The details of preparation and examina- 
tion of the replicas of cylinder liners are described in this paper. 


EXPERIMENTAL PROCEDURE 


The engine to be tested was a 6-cylinder in-line diesel engine with 5#-in. piston 
diameter. The engine test was to be interrupted at intervals during the test. The 
procedure was as follows: the cylinder head was removed and the pistons bot- 
tomed in successive cylinders, exposing the cylinder liner walls. Replicas were made 
of the cylinder liners without further dismantling. Since the areas of interest 
after the completion of the test might occur in any liner or anywhere in a liner 
wall, it was desirable to replicate the entire inner surface of the liners. Previous 
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experience in this laboratory and elsewhere? had been concerned with replicating 
small areas. Some thought was given to spraying on a liquid plastic and stripping it. 
However, no suitable material of this type was found which would strip in large sheets 
without stretching and tearing. Also, there was some objection to spraying because 
of possible fire hazard in the test cell. Sheet plastic (in this case, cellulose acetate) 
was, therefore, used for replicas. 

Cellulose acetate tape has been marketed under various trade names for use in 
parts inspection. The tape is generally 1 in. wide and 5 mils thick. In view of the large 
area of the cylinder walls, it was desirable to use cellulose acetate in sheet form rather 
than the tape. Various sheet thicknesses and also various solvents for wetting the 
sheet were tried on a dismantled cylinder liner. It was found that a 1o-mil-thick 
cellulose acetate sheet approximately 6 8 in. could be pressed on the liner wall 
after being wetted in the solvent dioxane. The sheet was wet by holding the two ends 
and sloshing back and forth several times in a shallow dish. The sheet had to absorb 
enough solvent to allow time for pressing on the liner wall and also for sliding the 
sheet back and forth several times along the liner wall in approximately 1/2-in. 
strokes while it was still wet. Replicas made in this manner had relatively few 
bubbles or other defects. Drying of the replicas could be facilitated by suspending a 
10o-watt light bulb in the cylinder. The replicas could be stripped in 10-15 minutes. 

Since the largest plastic sheet that could be handled easily covered somewhat more 
than one quarter of the cylinder wall, indentations dividing the cylinder liners into 
quadrants were made in the top rim. Sheets were cut somewhat larger than the 
quadrant so they did not have to be precisely positioned. Replicas of opposite qua- 
drants of the liners in which the pistons were lowered were made at one time. After 
removal the replicas were taped by the edges to stiff cardboard sheets, in order to 
prevent curling. 

The engine test comprised six steps, with each successive step representing more 
severe operating conditions. Replicas of the cylinder liners were made after each step. 
It was found that, by means of the honing pattern which comprised the surface 
finish, the same area in a liner could be located after the various steps. Location of 
the same area after successive steps was facilitated by evaporating gold on the 
replicas of interest. The same areas in successive replicas were located under a low- 
power binocular microscope. The replicas were pinpricked at honing-mark inter- 
sections for reference marking at higher magnification. By following this procedure 
in several areas a good picture of the progress of wear in the liners was obtained. 

Fig. 1 shows the progress of wear in an area selected for examination because of 
the severity of the wear after Step 6. A slight amount of wear as indicated by surface 
smoothing and partial obliteration of honing marks occurred in this area between 
Steps 1 and 5. Heavy wear, severe enough to be called scuffing, occurred during 
Step 6. The scuffing was localized in a band about 1 inch in width. The rest of the 
liner showed little evidence of increased wear during Step 6, even in areas directly 


adjacent to the scuff band. This can be seen in Fig. 2, which shows the edges of the 
scuff band after Steps 5 and 6. 
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Liner surface after step 6 


Fig. 1. Replicas of cylinder liner showing progress of wear in one area during an engine test 
(magnification 50 Xx). 
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Cellulose acetate replicas can also be used for electron microscopy without des- 
troying the original replica. The area to be examined is coated with a 10% solution 
of cellulose nitrate in amyl acetate. The dried cellulose nitrate sheet can be stripped 
without damage to the underlying cellulose acetate replica. A carbon replica can 
then be made from the cellulose nitrate stripping. Fig. 3, an electron micrograph made 
in this manner, shows an area in the scuff band of Figs. 1 and 2. 

Replica artefacts such as bubbles are easily recognizable. If there is any doubt 
concerning possiblesreplica artefacts, two replicas can be made of the same area. 


(b) 


Liner surface after step 6 


Fig. 2. Scuff band and adjacent area after steps 5 and 6 (magnification 50x). 
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Duplicate features in two replicas can be assumed to be representative of the surface. 
In the aforementioned engine test replicas were also made of the compression rings, 
on completion of the test. Fig. 4 shows two replicas of the same area in one of the 
rings. Except for slight distortion and shifting of highlights due to the fact that the 


na 


Fig. 4. Two replicas of the same area in a piston ring (magnification 50 x). 
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replicas were not quite flat, the structure in the two replicas is indistinguishable. 
It is evident that quite rough surtaces can be replicated without artefacts. 

It is not possible for proprietary reasons to interpret the results of the investigation 
of cylinder wear. It is apparent, however, from the micrographs that replicas can be 
used to follow the progress of wear in cylinder liners or in any other bearing surtaces 
which can be rendered accessible to replication. Gold evaporation on the surface 
enhances the contrast for photomicrography and in this instance was helpful for 
locating the same areas in successive steps. For many purposes the replicas can be 
examined by vertical illumination without metal shadowing. 

Replicas have also been used in a similar manner for following the progress of 
deformation in prepolished metal tensile samples?. 
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AUS DEN ANFANGEN DER WISSENSCHAFTLICHEN 
VERSCHLEISSFORSCHUNG 


HANS WAHL 


Stuttgart (Deutschland) 


In dieser Zeitschrift! sind anschauliche Beispiele der praktischen Reibungs- und 
VerschleiSminderung in dltester Zeit beschrieben worden. Weiniger bekannt sind die 
Anfange der wissenschaftlichen VerschleiBforschung. Deshalb mag ein Bericht iiber 
die systematische Priifung von Gesteinen fiir FuBbodenbelage aus der Zeit um 1800 
interessieren, zu dem ein Aufsatz von NEUMANN? die erste Anregung gab. 

Etwa in der Zeit zwischen 1806 und 1812 ersehien in Frankreich ein Buch L’art 
pour bétir aus der Feder des Architekten und Bauingenieurs RoNDELET, der unter 
Napoleon I Oberbaudirektor in Frankreich war. Dieses Buch wurde 1832 von C. H. 
DIESTELBARTH?® ins Deutsche iibersetzt; die weiteren Ausfiihrungen folgen dieser 
Ubersetzung. 

RONDELET beschreibt in seinem Werk zahlreiche Einzelfragen der damaligen 
Bautechnik. In einem Teil ,,Kenntnis der Baumaterialien’’ ist ein Artikel enthalten 
mit der Uberschrift ,,Erfahrungs-Resultate iiber die verschiedenen Grade von Harte 
der zum Belegen der Gebaude angewandten Materialien’’. Dort findet sich folgende 
Abhandlung: 


,,Wir haben... gesagt, da das Pflaster des Peristyls der Genovefen-Kirche aus Granit von den 
Vogesen verfertigt worden sey. 

Ehe man sich fiir die Anwendung dieses Materials entschied, wollte man die Harte eines Pflasters 
von dieser Granitart in Vergleichung mit einem von wei geadertem und tiirkisch blauem Marmor 
gefertigten kennen lernen. Zu diesem Zweck richtete man gut geebnete und aus Einem Felsenstiick 
gebrochene Sandsteine zu, auf denen man Probestiicke von den beiden Marmor- und den drei 
Granitarten, welche sAmmtlich gleich groB waren, abschliff. Jedes dieser Stiicke war mit einer 
gleichen Last beschwert, und mit derselben Kraft und Geschwindigkeit drei Stunden lang in 
Bewegung gesetzt; das Resultat war folgendes: 

Das Stiick des wei geaderten Marmors hatte an Dicke 


abgenommen um 7/15 Linien 
Das des tiirkisch blauen um 61/15 3 
Das des grauen Granitsum . 11/15 - 
Das des braungelbenum .. I E 


Das des griinen um Me a 04 [ses 
Aus diesen Versuch geht hervor, da® der griine Granit achtmal harter, als der wei®B geaderte Mar- 
mor, 61/2 mal harter, als der tiirkisch blaue, 1/15 mal harter, als der graue Granit, und 1/15 mal harter, 
als der braungelbe ist; ferner daB ein Granitboden wenigstens siebenmal langer dauern misse, 
als ein marmorner FuBboden. 
Dieser Versuch erweckte in mir den Gedanken, einen zweiten und zwar mit der Sage anzustellen: 
ich lie® dazu Proben von gleicher Lange aus Stein, Marmor und Granit in Gyps einsetzen; das 
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Resultat war, daB® eine 12 Pfund schwere Sage, die auf jedem dieser Probestiicke mit 6fterem 
ZugieBen von zerstoBenem Sandstein und Wasser vier Stunden lang in Bewegung gesetzt wurde, 


In das von Liaiseindrang. . . 5 so ae ives, uk Au auger 
In das von weiBgeadertem Mair eee eas 5 
In das von tiirkisch blauem Marmor. ... . . . 344/10 5, 
Grauer Granit vonden Vogesen .........- 49/10 5, 
Braungelber Graniteben daher ........-. 4%/10 5, 
Griiner Granit eben daher. . . . ren soe 
Eine Probe von antikem rosenfarbigem Granit. Ry Ts 
Eine andere von grauem Granit aus der Normandie 58/0 _,, 
Eine andere idem .. . ipere cpee OS ites, 
Eine andere, Granit aus der Bretagne tiake 2 ne ioe, 6 SOT BAG 


Dieser zweite Versuch zeigt, daB der antike Granit ungefahr um 
1/o9 harter ist, als der griine Granit der Vogesen 
1/12 harter als der braungelbe eben daher. 
1/9 harter als der graue eben daher. 
1/, harter als der Granit aus der Bretagne. 
1/3 harter als der dunkelgraue Granit aus der Normandie. 
153/77 harter als der hellgraue eben daher. 
8 mal harter als der tiirkisch blaue Marmor. 
10 mal harter als der wei geaderte Marmor. 
111/2 mal harter als der Liais.”’ 


Methode I Methode I 


Belastung Sandstein- 


Probegestein Belastung Wasser - Gemisch! 


Probegestein 


Sandstein 


ees AH(Linien") ] ; Eindringtiefe 4H (,Linien?) 
Gest t : 
smelt 10 20 30 40 50 


CL | (ne rome IZ 
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griiner Granit G@ griner Granit 


Gesteinsart 


Abb. 1. VerschleiSpriifung von Gesteinen fiir FuBbodenbelage nach RoNDELET (veréffentlicht 
etwa 1806-1812). 


Der Verfasser hat in den nebenstehenden Skizzen (Abb. 1) die von RONDELET 
beschriebenen Einrichtungen und Ergebnisse dargestellt. Es ist erstaunlich, daB 
RONDELET 2u so frither Zeit, wohl ohne Vorbild, tberhaupt auf den Gedanken kam, 
durch planmaBige Modellversuche mit neu entwickelten VerschleiBpriifeinrichtingen 
Richtlinien fiir die Auswahl bestgeeigneter Bodenbelag-Gesteine zu suchen. Die 
Durchfiihrung dieser Versuche erfolgte nach wissenschaftlichen Grundsatzen, wie 
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sie auch heute noch der VerschleiSpriifung zugrundeliegen. Wenn man sich anstelle 
des damaligen (wahrscheinlichen) Antriebes der Versuchseinrichtungen von Hand 
einen Elektromotor angebracht denkt, so wiirden die VerschleiSpriifmaschinen von 
RONDELET noch heute einfachen Anspriichen geniigen. Man darf deshalb die Arbeit 
von RonDELET als eine grofartige Leistung, vielleicht sogar als einen der Anfange 
der wissenschaftlichen VerschleiBforschung betrachten. 

Der Verfasser hat versucht, den Ort dieser frithen VerschleiSpriifung in Paris zu 
ermitteln. Die heutige Kirche Ste. Geneviéve im Norden von Paris schied aus, weil 
sie erst spater erbaut wurde. Dagegen konnte festgestellt werden, daB das heutige 
Panthéon, die Ruhestatte der GroBen Frankreichs, urspriinglich eine Kirche war und 
den Namen Sainte-Geneviéve trug. Kénig Ludwig XV. gab seinem Architekten 
SOUFFLOT etwa um 1757 den Auftrag, diese alte Kirche umzubauen. Nach dem Tode 
von SOUFFLOT um 1780 setzte sein Schiiler und Mitarbeiter RoNDELET sein Werk 
fort4»5, Wahrend des Baues der neuen Kirche brach die franzisische Revolution aus, 
und anlaBlich des Todes von Mirabeau bestimmte die Nationalversammlung, daf die 
Kirche Sainte-Geneviéve fortan Ruhestatte der bedeutendsten Manner des Landes 
sein soll. Napoleon I lie die Bauarbeiten unter RONDELET fortsetzen — und wahr- 
scheinlich entstand damals nebenbei die oben beschriebene Forschungsarbeit iiber den 
VerschleiSwiderstand von Bodenbelag-Gesteinsplatten. Vermutlich ist es also der 
FuBboden unter den Sadulen des Panthéon, der AnlaB zu einer bemerkenswerten 
Pionierleistung auf dem Gebiete der wissenschaftlichen VerschleiSforschung gab. 
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Abrasive Wear Effects in Rotary Rock Drilling 


B. G. Fis, G. A. Guppy AND J. T. RuBEN (National Coal Board, Mining Research 
Establishment, Isleworth, England) — Bull. Inst. Mining Met., 68 (1959) 357-383; 
(20 fig., 6 tables, 17 ref.). 


The application of orthodox rotary drilling to rock has depended on the development 
of tools to resist the abrasive wear that is a critical factor in the process. The investi- 
gation described was aimed at establishing the rates of wear involved, showing the 
variation in a range of rocks, relating this wear to the rock properties and estimating 
the limits of rotary drilling. The experimental work was in two parts: first, detailed 
quantitative bit wear data were collected during full-scale rotary drilling, under con- 
trolled laboratory conditions!, in a range of sedimentary rocks exhibiting various 
levels of abrasiveness ; second, the abrasiveness of these rocks was measured by means 
of a simple laboratory test using core samples. The rocks were also tested for compres- 
sive strength, Shore hardness and free quartz content. 

Seven rocks were used in the full-scale drilling work, these showing Shore hardnesses 
ranging from 13 to 63. Cutting edge conditions were maintained constant by using a 
standard grade of hard-metal throughout, namely Widia G69. The parameter used in 
describing the amount of bit wear was the ‘“‘average width of wear flat’’?. The shape 
of the wear/distance-drilled curves reveals a relatively high rate of wear when the 
sharp edge of the tip is being removed, after which the graph settles down to an ap- 
proximately linear relationship. The parameter that has been used to characterize 
the rate of wear for a given rock is the slope of the linear portion of the graph. 

Tests for rock abrasiveness that have previously been suggested3:4 suffer from the 
disadvantage that the wearing ‘‘tool’’ is continuously bearing on the same portion 
of the rock, which tends to become glazed or contaminated. This procedure was 
therefore rejected and instead the wearing tool (a } in. diameter steel ball) was made 
to traverse a rotating core of rock. In this way it was continually presented with a 
fresh rock surface. Graphs were developed showing the mass lost by the ball plotted 
against the distance traversed, and these relationships were approximately linear. 
The abrasive characteristics of a particular rock were described by the loss in weight 
in mg/1,000 ft. traversed, and the value quoted as the ‘‘abrasive index”’. 

A comparison of the full-scale drilling wear data with these abrasive indices showed 
no direct correlation. The wear is in fact just as much a function of the frictional 
forces as it is of the rock abrasiveness, and the frictional forces depend on the thrust 
which has to be applied to the drilling tools to achieve penetration’. The thrust is 
in turn found to be directly proportional to the compressive strength of the rock, 
the data indicating the following relationship: 

Cc 
500 


Tem 
where 7; is the thrust in lb./in./min of penetration rate for a sharp bit, and C is the 
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compressive strength in lb./in.?. Therefore if the intrinsic abrasive index is modified by 
a factor proportional to the compressive strength, a parameter would be expected to 
emerge which would describe the operational abrasiveness of the rock. Thus 

I~XC 
1,000 _ 


A 


where A4- is the abrasion factor, J; the abrasive index, and C the compressive strengths 
in Ib. /in.2. 

When this abrasion factor, A¢, is plotted against the rate of wear a correlation in 
fact emerges which can be expressed in the following form: 


W = Ke?“c 
where W is the rate of wear in full-scale drilling, and K and # are arbitrary constants 
depending on the conditions of test. 

This relationship indicates that with increase in rock hardness there is a dispropor- 
tionate increase in rate of wear. It is concluded that the most probable reason for 
this feature is the occurrence of high temperatures at the cutting edge, which have 
been demonstrated in an earlier study®. If this is the case, an improvement can only 
be achieved with the development of cutting alloys that maintain their hardness at 
these high temperatures, but at the same time exhibit the toughness necessary to 
ensure mechanical strength and resistance to fracture. 


1 B. G, Fisu, Studies in percussive-rotary drilling, Colliery Eng., 34 (1957) 101. 

2 B. G. Fisu, Measuring abrasive bit wear, Mine & Quarry Eng., 24 (1958) 264. 

3 H. Sievers, The determination of the resistance to drilling of rocks, (in German), Gliickauf, 86 
(1950) 776. 

4 R. SHEPHERD, Rotary drilling in coal mines, Colliery Eng., 29 (1952) 238. 

5 B. G. FisH anv J. S. Barker, A laboratory study of rotary drilling, Colliery Eng., 33 (1956) 91. 

6 B. G. FisH, Studies with water and air as flushing media in rock drilling, Mine & Quarry Eng., 


23 (1957) 306. 
Wear, 3 (1960) 244-245 


The Anti-wear Properties of Lubricants and the Influence of Various Factors on the 
Anti-wear Properties of Petroleum Oils 


M. D. BEzBorop’ko, G. V. VinoGraApDov, N. T. PAVLOVSKAYA AND I. G. TSURKAN — 
Izvest. Akad. Nauk, S.S.S.R., Oidel. Tekh. Nauk, No. 12 (1958) 104-114; (10 fig., 8 ref.). 
Published as: R.A.E. Library Transl. 830, Ministry of Supply, London, W.C. 2.* 


A number of experiments are described in which the 4-ball machine is used to estimate 
the influence of thermal phenomena, gaseous environment, and plastic surface films 
on wear and seizure. Mercury and Wood’s alloy are shown to act as lubricants for 
steel and beryllium bronze sliding on themselves. Wood’s alloy with 40% mercury, 
and this amalgam with 2°% MoSs, have anti-wear properties. These effects are related 
to the formation of steel and bronze amalgams on the ball surfaces. Two petroleum 
lubricants (naphthenic—paraffinic fraction (NPF) ofa bright stock anda transformer oil) 


* This abstract appears by courtesy of the National Research Council, Ottawa, Canada. 
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were studied at various temperatures up to 200°C and in the presence of air, oxygen, 
argon and superheated steam. At lower temperatures the nature of the gas strongly 
influences wear and seizure of ordinary ball-bearing steel, and becomes the dominant 
influence at the higher temperatures. Oxygen tends to increase wear but also to in- 
crease seizure resistance. Argon gives the deepest wear scars and oxygen the shallowest. 
For stainless steel balls the wear is independent of the nature of the gas at low temper- 
atures. A series of experiments was made on the influence of scale factor on the criti- 
cal load for seizure of ordinary ball-bearing steel balls of diameters from 5.95 to 19.05 
mm, lubricated by bright stock NPF at temperatures up to 200°C. Experimental 
verification is given for an analysis using the Prandtl, Nusselt and Reynolds numbers 
and based on the assumptions that seizure occurs at a critical temperature in the oil 
layer, and that the oil film thickness depends only on temperature. A discussion of 


wear rates after seizure is given. 
Wear, 3 (1960) 246 


Note on the Scratching of Diamond 
R. H. Wentorf, Jr. — J. Appl. Phys., 30 (11) (1959) 1765-1768; (9 fig., 5 ref.). 


The resistance of diamond to wear is a strong function ofits orientation. The observed 
facts can be explained by assuming that a scratched diamond surface fails in tension 
behind the scratching particle. The octahedral cleavage planes are most easily pulled 
apart and give rise to the strong dependence of wear on crystal orientation. 
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Flow Stress in Metal Cutting 


TosHIA SATA — Sct. Papers Inst. Phys. Chemical Research (Tokyo), 53 (1959) 188-200; 
(12 fig., 1 table, 9 ref.). 


Flow stress in metal cutting and material test is discussed on the basis of strain, 
strain rate and temperature at flow area. 

The flow stress depends only on the velocity-modified temperature regardless of 
where and how it originates. 

In high speed cutting, though cutting velocity and temperature at flow area are 
raised, the velocity-modified temperature hardly varies because of the accompanying 
increase of strain rate. Therefore, the shear stress in sheared zone and on rake face 
remains almost constant. 

In hot machining, when the heating temperature of work is raised, the velocity- 
modified temperature rises because the strain rate does not vary. Accordingly, 
shear stress in sheared zone and on rake face of tool decreases. 

The shear stress on tool face is lower than in sheared zone. This is ascribed to the 
temperature in sheared zone being lower than at tool face and the strain rate in 
sheared zone being higher than on tool face, so that the velocity-modified tempera- 
ture on rake face is considerably higher than in sheared zone. 

(See also Wear, 2 (1958/59) 500.) 
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Systematic Abstracts of Current Literature 


I. DEFORMATION AND FRACTURE 


Infrared Studies of Birefringence in Silicon. 
S. R. Lederhandler. Journal of Applied 
Physics, v. 30, nO. II, 1959, p. 1631-1638; 
15 fig., 21 ref. 

Permanent and elastic strains in silicon 
crystals grown by the Czochralski technique 
have been studied by observing the crystal 
birefringence. These studies reveal that the 
presence of birefringence is related to (a) 
plastic deformation caused by severe thermal 
gradients which produce forces exceeding the 
crystal yield force and (b) work damage or 
externally applied forces. The first source of 
birefringence has been termed permanent 
strain since this appears in the crystal as 
grown and the birefringence pattern cannot 
be altered by changes in sample geometry. 
This characteristic is typical of a frozen-in 
strain. A strain-free sample may also be made 
birefringent, however, by a work damage 
such as surface abrasion or sand blasting. 
Such a birefringent pattern can be altered 
if the sample geometry is changed. This 
characteristic, of course, is typical of elastic 
strain. Studies made of samples both parallel 
and perpendicular to the direction of crystal 
growth revealed birefringence patterns simi- 
lar to those of naturally anisotropic crystals 
such as calcite. The patterns indicate the 
formation of a pseudo-optic axis in silicon 
coincident with the growth direction and is 
caused by the uneven temperature distri- 
bution which results in predominantly 
unaxial stress. Regions of tension and com- 
pression have been discovered and their respec- 
tive magnitudes determined. The calculation 
of the “frozen-in’’ tension and compression 
stresses are based upon experimental deter- 
mination of the stress-optic coefficient of 
silicon. Satisfactory agreement was obtained 
between frozen-in stress calculations and 
measurements of yield stress at elevated 
temperatures. 


Viscoelastic Behavior of Greases. 

E. O. Forster and J. J. Kolfenbach. ASLE 
Transactions, v. 2, no. I, 1959, Pp. 13-24; 
16 fig., 5 tables, 14 ref.; discussion see also 
NLGI Spokesman, v. 23 no. 6, (1959). 

The vibration tester method, developed for 
the study of viscoelastic materials, can be 


successfully applied to greases. It was 
shown that the moduli of greases change 
little with frequency but change considerably 
with changes in amplitude and temperature. 
The consistency of two different greases as 
reflected in their unworked penetration was 
correlated with the extrapolated value of 
the modulus of rigidity and with the minimum 
stress required to produce grease movement. 
The effect of temperature on the consistency 
of the two greases was found to be reflected 
in the shift of the loss angle tangent with 
temperature. It was established that both 
greases have two yield stresses, which 
reflect the existence of two types of move- 
ment, bulk movement and plastic flow. 


Mechanism and Speed of Breakup of Drops. 
G. D. Gordon. Journal of Applied Physics, v 
30, NO. II, 1959, p. 1759-1761; 2 fig., 6 ref. 
A mathematical analysis has been made of 
the breakup of liquid drops in an air stream; 
only the mechanism in which the drops 
flatten, become bowl-shaped, inflate like a 
parachute, and finally burst is considered. 
The analysis provides an understanding of 
this process of breakup and the conditions 
for which the viscosity and surface tension 
become important factors. An estimate of the 
breakup time for a wide range of conditions 
is obtained as a function of the drop dia- 
meter, surface tension, viscosity, drop 
density, air density, and velocity difference. 
The results are compared with the available 
experimental data. 


A Preliminary Investigation of the Pene- 
tration of Slender Metal Rods in Thick 
Metal Targets. 

James L. Summers and William R. Niehaus. 
NASA Technicol Note D-137, December 1959. 
9 pp., diagrs., photos. OTS price, $ 0.50. 
Slender steel and tungsten-carbide rods were 
fired into targets of copper, lead, and steel at 
impact velocities to about 11,000 ft./sec. For 
copper and lead targets, impact is described 
as falling in the transition region at the 
higher velocities. The impact of steel rods 
in steel targets occurred in the undeformed- 
projectile region for all test velocities. For 
rods impacting at high speed, the cavities pro- 


Wear, 3 (1960) 247 


248 LITERATURE AND CURRENT EVENTS 


duced were deeper and very much wider in 
comparison with those produced by com- 
parable length jets from shaped explosive 
charges. 


An Investigation of Nonpropagating Fatigue 
Cracks. 

Arthur J. McEvily, Jr., and Walter Illg. 
NASA Technical Note D-208, December 
1959. 29 pp., diagrs., photos., tabs. OTS 
price, $0.75. 


Through consideration of the stresses existing 
at the tip of a fatigue crack an attempt is 
made to account for nonpropagating fatigue” 
cracks. It is concluded that such cracks may 
form under  constant-amplitude cyclic 
loading if the crack closes during compression 
or if the effective radius of the crack is larger 
than that of the initial notch. The results of 
experimental work on steel and aluminum 
alloys compare favorably with predictions. 


2. ADHESION AND FRICTION 


Adhesion between Metals and its Effect on 
Fixed and Sliding Contacts. 

Warren P. Mason. ASLE Transactions, v. 2, 
no. I, 1959, p. 39-49; 16 fig., 19 ref. 

Recent studies of adhesion between metals 
measured as a function of pressure, tem- 
perature and time have resulted in a quanti- 
tative understanding of the process. Creep 
causes the spaces between the point contacts 
to be filled in and molecular seizure occurs. 
Recent work by O. L. Anderson has shown 
that seizure can occur between two sets of 
metals if a twist is surperposed on a compres- 
sion (see the paper by Anderson in this 
volume of Wear). By studying the coefficient 
of adhesion as a function of the applied stress, 
Amontons’ law of friction has been verified 
from the adhesion side, thus confirming the 
Bowden—Tabor theory of stick-slip friction. 
Adhesion between metals due to compres- 
sion, occurring over a finite time, is essential 
for such connections as the solderless wrap- 
ped connection and is important for con- 
tacts left under pressure in the same position 
for a length of time as in printed circuit type 
connections. Adhesion between metals caused 
by both compression and shear is the cause 
for mechanical seizure, plowing and wear 
experienced in sliding contacts. Direct 
force measurements have shown the nature 
of the slipstick process. 


Reduction of Static Friction by Sonic Vibra- 
tions. 

Hans D. Fridman and Pascal Levesque. 
Journal of Applied Physics, v. 30, 1959, p. 
572-575; 11 ref., 5 fig. 

The effect of sonic vibrations on the coeffi- 
cient of static friction was measured for 
highly’ polished, ground, and_ sand-pitted 
steel surfaces. The coefficient of static fric- 
tion can virtually be reduced to zero as a 
result of increased vibrations at frequencies 
between 6 and 42 kc. 


Theory of Rolling Friction for Spheres. 

D. G. Flom and A. M. Bueche. Journal of 
Applied Physics, v. 30, no. II, 1959, p. 
1725-1730; 8 fig., 9 ref. 

A theory of rolling friction featuring the 
importance of elastic hysteresis losses is 
presented. A simple model of retarded 
elasticity is chosen to represent the physical 


properties of the material. A prediction 
resulting from the theory is that the coeffi- 
cient of friction for a relatively hard sphere 
rolling on a softer base material should vary 
with speed so as to go through a maximum. 
This relationship resembles closely the 
variation of mechanical loss with frequency. 
The results are not restricted to rolling but 
also apply to well-lubricated sliding where 
shearing forces have been minimized. Al- 
though the theory is developed for a material 
with idealized physical properties, it never- 
theless affords a basis for comparing real 
materials and for predicting their frictional 
properties in cases where deformation losses 
are predominant. (see also Wear, v. 2, 
1958/59, P- 174) 


Rolling Friction of a Hard Cylinder over a 
Viscoelastic Material. 

W. D. May, E. L. Morris and D. Atack. 
Journal of Applied Physics, v.30, no. 11,1959, 
Pp. 1713-1724; 15 fig., 13 ref. 

The rolling friction of a hard cylinder over 
a viscoelastic material is worked out in 
terms of the bulk properties of the material. 
It is found that the rolling friction has a 
maximum at a velocity corresponding to the 
relaxation time distribution. Both the load 
required to maintain the cylinder at con- 
stant depth of indentation and the coefficient 
of friction are dependent on the velocity 
of rolling. The shape of the rolling friction 
versus velocity curve is a first approxima- 
tion to the distribution curve of relaxation 
times, indicating that rolling friction measure- 
ments can be used to determine the distri- 
bution experimentally. (see also Wear, v. 2, 
1958/59, P- 237) 


On Model Studies of Metallic Surface Asp- 
erities. 

F. F. Ling and R. C. Lucek. Journal of 
Applied Physics, v. 30, 1959, p. 1559-1563; 
6 fig., 11 ref. 

An apparatus for measuring forces generated 
at the tips of two cones throughout the 
sliding-contact life cycle is described. The 
cones are used to simulate surface asperities. 
Test results under atmospheric conditions 
show the following: (1) For cones with 90° 
internal angles, the ratio of the integrated 
value of the horizontal force component over 
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the length of life cycle to that of the vertical 
force component is not sensitive to the pre- 
sence of lubricants in cases where the cone 
tips are in line or nearly in line with the 
direction of relative motion; but the ratio is 
substantially lowered in the presence of 
lubricants when the cone tips are far from 
being in line with the direction of relative 
motion. The former cases are always accom- 
panied by the formation of macroscopic 
wear debris. (2) By increasing the internal 
angle. of cones, the ratio defined above is 
decreased, but its value does not seem to 
approach zero for the angle approaching 
180°, a flat surface. (3) Size effect as discussed 
by Morrison and Shaw is evidenced in this 
experiment. 

The mutual inclusiveness of the classical 
interlock theory and the popular adhesion 
theory of friction is discussed. Moreover, the 
coefficient of friction for a pair of idealized 
surfaces with asperities in the form of 90° 
cones and randomly distributed is calculated 
from a considerable amount of test data. 
While actual surfaces have asperities roughly 
in the form of cones with internal angles 
much larger than go°, right circular cones 
were used, nevertheless, for simplicity and 
for amplifying the effects noted. 


Methods of Predicting Laminar Heat Rates 
on Hypersonic Vehicles. 
Richard J. Wisniewski. NASA Technical 


Note D-201, December 1959. 36 pp., diagrs. 
OTS price, $1.00. 

A summary of some of the simplest and best 
available laminar heat-transfer theories for 
flow in thermodynamic equilibrium is pre- 
sented. In some cases the effects of frozen 
flow are included. Emphasis is placed on the 
proper methods of obtaining heating rates 
to hypersonic bodies, wings, and control 
surfaces. The effects of yaw and the deter- 
mination of the inviscid flow field are also 
considered. 


The Determination of Local Turbulent Skin 
Friction from Observations in the Viscous 
Sub-Layer. 

P. Bradshaw and N. Gregory. Aeronautical 
Research Council (Gt. Brit.), March 26, 1959. 
20 pp., diagrs. ARC 20,895; FM 2802; Perf. 
1753- (Ask for N-77424*) 

Observations made in the viscous sublayer 
of turbulent shear flows with small surface 
pitot tubes and hot wires show that such 
instruments give accurate values of bound- 
ary-layer skin friction, at least in zero 
pressure gradient, but only when calibrated 
in turbulent flow; calibration in laminar 
flow gives incorrect results. It is further 
shown that the region of universality of 
turbulent velocity profile is confined to the 
viscous sublayer and an upper limit wd/y = 
30 is suggested for the height d of a surface 
tube if reasonable accuracy is to be obtained 
in skin friction measurements. 


3: LUBRICATION AND LUBRICANTS 


Transition Temperatures in Sliding Systems. 
R. S. Fein, C. N. Rowe, K. L. Kreuz. ASLE 
Transactions, v. 2 no. I, 1959, Pp. 50-57; 
13 fig., 5 tables, 18 ref. 

A pin-on-disk type of apparatus is used to 
study the effect of operating variables on 
transition temperatures with dilute solu- 
tions of pure fatty acids in pure paraffinic 
hydrocarbons and with a straight paraffinic 
mineral oil. It is found that the temperature 
at which the sudden transition from low to 
high friction and wear occurs increases 
with sliding speed, decreases with load, 
and is otherwise independent of operating 
variables. Empirically, the reciprocal of the 
absolute transition temperature varies linear- 
ly with the logarithm of the ratio of load to 
speed. The absence of conventional hydro- 
dynamic lubrication in this system is demon- 
strated. 


Influence of Temperature on Boundary Lu- 
brication 

CGC; W. Cowley, C. J. Ultee, and C. W. West. 
ASLE Transactions, v. 1, no. 2, 1958, p. 281— 
286; 8 fig., 5 tables, 17 ref. 

The effects of temperature on the lubricity of 
a number of lubricants are studied. An 
apparatus designed to study lubricants under 
boundary conditions, with provisions for 
varying temperature, load, and speed, is 
described. Sharp transitions from smooth 
sliding to severe galling and seizure are 
observed at a specific temperature whichis 
characteristic of the lubricant and the test 
conditions. These ‘“‘failure temperatures”’ 
are useful in understanding the lubrication 
mechanism and in predicting lubricant 
performance. 


4. BEARINGS 


A Theoretical Study of the Effect of Offset 
Loads on the Performance of a 120° Partial 
Journal Bearing. 

A. A. Raimondi. ASLE Tvansactions, v. 2,n0. 


I, 1959, Pp. 147-157; 20 fig., 1 table, 15 ref. 
Reynold’s equation for a 120° partial journal 


bearing of the clearance type having an 
L/D ratio of 1 is solved numerically to 
determine the effect of positioning circum- 
ferentially the line of action of the load at 
various points along the bearing arc. The 
influence of the load position (o/) on film 
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thickness, eccentricity, journal position, 
friction, flow, temperature rise, and maximum 
film pressure is investigated and performance 
curves given. It is shown that the position 
of the load has a significant effect on bearing 
performance. 


A Study of Design Criteria for Oscillating 
Plain Bearings. 

W. A. Glaeser and C. M. Allen. ASLE 
Transactions, v. 2, no. I, 1959, Pp. 32-38; 
11 fig. 1 table. 

The load-—life and friction characteristics 
of sleeve-bearing materials have been deter- 
mined under conditions simulating airframe 
operation. Design charts relating bearing 
load and wear to life in terms of cycles of 
oscillation were constructed from the data. 
Frictional characteristics were also studied. 
Aluminium bronze was found satisfactory 


as a bearing material when used with harden- 
ed SAE 4340 steel shaft for loads up to 
15,000 Pp.S.1. 


Testing and Operation of Ball Bearings Sub- 
merged in Liquefied Gases. 

K. B. Martin and R. B. Jacobs. ASLE 
Transactions, v. 2, No. I, 1959, Pp. IOI-107; 
8 fig. 

The apparatus used to measure frictional 
torque and wear, and to make life tests on 
bearings submerged in liquefied gases is 
described. The information concerning ball 
bearings obtained from this equipment and 
some bearing information obtained from 
an apparatus designed to make basic pump 
studies is presented. For some applications, 
thoroughly degreased ball bearings operate 
satisfactorily submerged in liquid hydrogen 
and liquid nitrogen. 


5. WEAR AND WEAR RESISTANCE 


Fretting of Hardened Steel in Oil. 

J. R. McDowell. ASLE Tvansactions, v. 1, 
no. 2, 1958, p. 287-295; 11 fig. 1 table, 11 ref. 
To determine the effect of hardness on fret- 
ting wear, tests of AISI 4340 steel were made 
in an oil bath using a new machine designed 
to make fretting corrosion tests with a wide 
range of parameters. Hardness values from 
258 to 743 Vickers were tested, the hardest 
specimen having a nitrided surface. The 
fretting action used (0.005 in. reciprocating 
motion at pressures from 430 p.s.i. to 5840 
p.s.i.) produced much less fretting than 
similar tests in air, with little or no oxide 
products resulting. The galled areas were 
measured for depth of pit and height of 
deposit, with the results indicating some 
small effects due to hardness up to 460 
Vickers. The nitrided specimens, however, 
produced smaller fretted areas, and the 
roughening of their surfaces was shallow. 


Wear and Friction of Filled Polytetrafluoro- 
ethylene Compositons in Liquid Nitrogen. 
D. W. Wisander, C. E. Maley and R. L. 
Johnson, ASLE Transactions, v. 2, no. 1 
1959, p. 58-66; 14 fig., 1 table, 11 ref. 

Data were obtained in liquid nitrogen with 
a series of molded and extruded polyte- 
trafluoroethylene compositions containing 
various filler materials. As compared with 
reference steels and carbons used in con- 
ventional seals and bearings, the filled PTFE 
compositions gave low wear and _ friction 
(friction coefficients from 0.06 to 0.13) in 
liquid nitrogen. Several extruded composi- 
tions have particular promise for seal and 
bearing materials. An extruded glass-filled 
material gave wear and friction that was 
essentially unaffected by sliding velocities 
to 6000 ft./min. 


, 


Wear and Frictional Characteristics of Some 
Nickel-Base Alloys. 

R. A. Kozlik. ASLE Transactions, v. 1, no. 2, 
1958, p. 296-303; 15 fig., 3 tables, 5 ref. 

A test program was undertaken to determine 
the relative resistance to wear and galling 
of a variety of wrought and cast nickel-base 
alloys. Testing was done using a breakdown 
technique with a sliding velocity of 512 ft./ 
min. at the contact surfaces. The results 
showed that none of the wrought alloys 
tested were outstanding in their behavior 
when selfmated. However, mating with 
dissimilar alloys containing hard phases or 
soft phases possessing lubricating qualities 
effected substantial improvements in many 
instances. 


Wear of Cobalt Base and Stainless Materials 
in High Purity Water. 

N. B. Dewees. ASLE Transactions, v. 1, no. 2, 
1958, p. 319; 7 fig., 5 tables. 

For abstracts see Wear, v. 1,1957/58, p. 359. 


A Study of the Effect of Wear Particles and 
Adhesive Wear at High Contact Pressures. 
E. B. Sciulli and G. M. Robinson. ASLE 
Transactions, v. 1, no. 2, 1958, p. 312; 15 fig., 
3 tables. 

For abstracts see Wear, v. 1, 1957/58, Pp. 359. 


The Conduction of Current in Bearings. 

H. N. Kaufman and J. Boyd. ASLE Trans- 
actions, v. 2, NO. I, 1959, p. 67-77; 22 fig., 
7 ref. 

The wear-rate due to electrical pitting is not 
a function of any single factor such as voltage, 
current, or wattage, but is dependent on a 
combination of many factors including the 
voltage, the circuit resistance, and the film 
thickness. For each supply voltage there is 


Wear, 3 (1960) 250 


NOTES ON CONTRIBUTORS 255 


a value of the film thickness for which the 
wear-rate is a maximum. 

Wear from bearing currents can be reduced 
in three main ways: 

(a) lowering or eliminating the supply volt- 
age, 


(b) raising the circuit resistance, and (c) 
altering the film thickness, either by increas- 
ing it to the point where the current will no 
longer bridge the gap or decreasing it to 
very low film thickness. 

(See also Wear, v. 2, 1958/59, p. 489.) 


6. ANALYSIS AND TESTING (no abstracts) 


7. SURFACE TREATMENT AND FINISHING (no abstracts) 


8. MACHINING AND TooL WEAR 


Workpiece Compatibility of Ceramic Cut- 
ting Tools. 

M. C. Shaw and P. A. Smith. ASLE Tvans- 
actions, Vv. I, no. 2, 1958, p. 336-344; 15 fig., 
3 tables, 5 ref. 

Ceramic metal cutting tools have been in 
use in machining metals such a short time 
that it is not yet generally known on which 


materials these tools can be used to best 
advantage. In this report the performance of 
ceramic and cemented carbide tools is compar- 
ed when machining a wide variety of metals. 
It is found that there are certain metals for 
which either the surface chemical or thermal 
characteristics of ceramic tools are particu- 
larly advantageous. 
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